Optimizing a protein-RNA aptamer gene regulatory system using an engineered peptide library by Wong, Jessica Karen
Optimizing a Protein-RNA Aptamer Gene Regulatory System
using an Engineered Peptide Library
by
Jessica Karen Wong
B.S. Chemical-Biological Engineering
Massachusetts Institute of Technology, 2010
MASSACHUSETS INSTITUTfE
OF TECHNOLOGY
JUN 0 8 2011
LIBRARIES
ARCHIVES
Submitted to the Harvard-MIT Division of Health Sciences and Technology
in partial fulfillment of the requirements for the degree of
MASTER OF ENGINEERING IN BIOMEDICAL ENGINEERING
at the
Massachusetts Institute of Technology
June 2011
Copyright © Massachusetts Institute of Technology. All rights reserved.
Author
Harvarc-MIT)ivi ion I Health Sciences and Technology
May 16, 2011
Jacquin Niles, M.D., Ph.D.
Assistant Professor of Biological Engineering
Pfizer-Laubach Career Development Chair
Accepted by
Ram Sasisekharan, Ph.D.
Director, Harvard-MIT Division of Health Sciences and Technology
Edward Hood Taplin Professor of Health Sciences and Technology and Biological Engineering
6)
Certified
[This page is intentionally left blank]
Optimizing a Protein-RNA Aptamer Gene Regulatory System
using an Engineered Peptide Library
by
Jessica Karen Wong
Submitted to the Harvard-MIT Division of Health Sciences and Technology on May
16, 2011 in partial fulfillment of the requirements for the degree of
MASTER OF ENGINEERING IN BIOMEDICAL ENGINEERING
ABSTRACT
For this project, N-terminal and C-terminal peptide library fusions were designed,
constructed, and screened in order to improve the repression achievable with a novel gene
regulatory system. This system, based on the interaction between proteins and protein-
binding RNA aptamers, takes advantage of the reversible interaction between TetR and
its RNA aptamer binding partner 5-1.2 to modulate gene expression. With no
tetracyclines present, TetR preferentially binds to aptamer 5-1.2 in the mRNA of a gene
of interest with low nanomolar affinity and represses translation. Tetracyclines such as
aTc induce a conformation change in TetR, prevent TetR binding to aptamer 5-1.2, and
induce gene expression. Therefore, TetR binds aptamer 5-1.2 in an aTc-dependent
manner, allowing inducible control of gene expression through the TetR-aptamer system.
Initial characterization showed a regulatory range of 78% or approximately 5 fold in S.
cerevisiae. The aim of this project is to improve repression levels achievable with the
TetR-aptamer system by creating libraries of N-terminal and C-terminal peptide fusions
to TetR and screening for increased repression in S. cerevisiae.
The N-terminal and C-terminal library fusions were constructed from synthesized
oligonucleotide fragments and a baseline TetR vector containing library insertions sites at
both the N-terminal and C-terminal ends. The library fragments contain 20 random amino
acids and a standard SSG linker peptide flanked by both single-cutting restriction enzyme
sites and 40 bases of homology to the library insertion sites on the baseline TetR vector,
allowing for construction by both restriction/ligation cloning in bacteria and yeast
homologous recombination. Both libraries were constructed using restriction/ligation
cloning after initial experiments determined optimized conditions for PCR, digest,
purification, ligation, and electrocompetent bacterial transformation to achieve a
maximum efficiency, fidelity, and purity. The N-terminal and C-terminal libraries
produced have a combined diversity of 2.5x 105 variants.
These library variants were screened using a plate-based assay with URA3 as a reporter
gene. A selection with 5-fluoroorotic acid (5-FOA) was performed to identify library
variants with improved repression. Since 5-FOA is a competitive inhibitor of URA3, cells
that have URA3 expression cannot live on media containing 5-FOA. Preliminary
experiments determined that 0.035% 5-FOA is the threshold for growth for the baseline
TetR-aptamer system. Library variants containing 5-1.2-URA3 were grown on media
containing a gradient of 5-FOA concentrations between 0.03% and 0.06% and compared
to baseline TetR growth. Thirty-one library variants grew at a 5-FOA concentration
greater than the baseline threshold for growth.
These library hits underwent testing to further characterize their repression, inducibility,
and library sequence. The 31 colony hits were streaked on discrete concentrations of 5-
FOA to determine colony-specific 5-FOA thresholds and on uracil dropout media in the
presence and absence of aTc to screen for preserved inducibility. Of the original 31
colonies, 25 passed both plate assays, growing on 0.045% 5-FOA and in a Tc-dependent
manner on uracil dropout media. These 25 colonies were sequenced and analyzed using
MEME to detect any conserved motifs. Twenty of the 25 sequenced colonies contained
correct and unique libraries, 3 with N-terminal libraries and 17 with C-terminal libraries.
Both the N-terminal and C-terminal library sequences had significant motifs. For the N-
terminal sequences, all three contained the same 14 nucleotide motif, and 16 of the 17 C-
terminal sequences also contained a 21 nucleotide motif. However, the unbiased selection
for improved TetR functionality likely returned hits that use multiple mechanisms of
action to enhance repression. Therefore, out of a diverse library pool containing 2.5x 105
variants, 20 unique library variants conferred increased repression on the TetR-aptamer
system while maintaining inducibility in the presence of tetracycline.
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Chapter 1: Introduction
Many biological phenomena can be best understood from a genetic standpoint. Every
organism has genetic pathways that involve the interaction of specific genes and
ultimately result in some event. In order to understand these biological events, the
underlying genetics must first be understood. Because specific genes can have an
important effect on processes both normal and pathological, studying specific gene
function is necessary to understanding biological processes and how these can be
disrupted during disease. However, without the tools to precisely manipulate gene
expression, studying gene function can be difficult, especially in organisms that are not
well characterized. Current laboratory tools for regulating gene expression have advanced
significantly, allowing scientists to better understand and characterize specific gene
function. However, these tools are often limited by the inherent biology of the host
organism. Many systems that work well with certain model organisms cannot be used in
species that are not well characterized. Therefore, a system that gives precise control over
gene regulation in a variety of hosts will allow scientists to further parse gene function.
1.1 Current Systems of Gene Regulation
Currently, few tools exist for inducible control of gene expression. Although some
commonly used model organisms have viable options for controlling gene expression,
these techniques are often difficult to implement in organisms that are less commonly
studied.
1.1.1 Transcriptional Control
The laboratory technique that is most established for controlling gene expression in
model organisms is creating a gene knockout, which controls gene function at the
transcriptional level. Typically done in mouse models, precise genetic modification can
be engineered into the organism's genome and genetic switches can be designed to target
expression of specific genes'. Knockout mice are created by first introducing mutations
that target specific genes. Murine embryonic stem (ES) cells are obtained from pre-
implantation embryos and homologous recombination is used to introduce genomic
alterations. These ES cells retain totipotency even after undergoing genetic manipulation
and are implanted into mouse blastocysts. Once these cells colonize the germline, intact
animals can be produced that express the desired genetic alterations2
Furthermore, knockout genes can be controlled both spatially and temporally using the
Cre/Lox system. Cre is a 38-kDA site-specific DNA recombinase originating from the
bacteriophage P1. This protein recognizes loxP, a 34 bp site originally in the P1 genome,
and catalyzes DNA recombination events between pairs of loxP sites. If the gene of
interest is flanked by loxP sites, crosses can be made with mice with Cre expression in
certain tissues in order to remove the gene of interest specifically in those tissues (see
Figure 1.1.1). To further control the expression or ablation of a gene of interest, cre can
be placed under a promoter having the desired spatial and temporal expression pattern4.
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Figure 1-1 Cre/loxP-mediated gene targeting in embryonic stem cells 5
Although the creation of a knockout using the Cre/Lox system can be extremely effective
at controlling expression of a gene of interest, it is extremely limited by the biology of the
model organism. This technique is not applicable to every gene of interest. It is especially
difficult to make animals containing stable knock outs of essential genes. Furthermore,
systems that impart control over gene expression at a transcriptional level require an
upfront detailed knowledge of transcriptional mechanisms. These mechanisms vary
widely among organisms and are not well elucidated in certain species6,7. Similarly,
creating gene knockouts is intrinsically depended on the availability of ES cell lines, the
ability of cells to undergo homologous recombination, and the stable integration into the
germline. Outside of murine and other similar models, there are few organisms that can
support all the components necessary to making a gene knockout.
1.1.2 Translational Control
When compared to transcription, whose mechanisms are highly organism-specific,
translational mechanisms are more conserved among species. Translation in both
prokaryotes and eukaryotes consists of the same steps: initiation, elongation, and
termination. These reactions are highly conserved and the components necessary to
execute them are similar across organisms. Additionally, the ribosomal proteins,
aminoacyl RNA synthetases, tRNAs, and protein factors have remarkably conserved
structures among species' 9. Since translational mechanisms and components are highly
conserved, systems that use translational means for controlling gene expression are more
adaptable among species.
One currently popular method of translational control is RNA interference (RNAi). In
order to control gene expression using RNA interference, scientists took advantage of an
intrinsic gene-silencing pathway present in many organisms, now termed the RNAi
pathway. As a laboratory tool, double-stranded RNA (dsRNA) is used to bind to and
promote the degradation of target complementary RNA sequences. By harnessing this
pathway, expression of targeted genes can be inhibited by cleaving mRNA products and
preventing translation. This technique was first developed in C. elegans'0 and then
applied to many organisms including plants (A. thaliana)1 , invertebrates (D.
melanogaster)12 vertebrates (M musculus) 3 , budding yeast (C. albicans)4 and protozoa (
T. cruzi)"1 .
In order to inhibit gene expression using RNAi, a relatively long dsRNA molecule is used
to trigger the RNAi pathways endogenous to an organism. It is subsequently cut by the
cellular enzyme Dicer into 21-23 nucleotide fragments of dsRNA, which are then termed
small interfering RNA (siRNA). An endogenous protein complex, the RNA-induced
silencing complex (RISC), incorporates the siRNA, using it as a template for mRNA
targeted for cleavage. The mRNA containing the targeted sequence undergo
endonucleolytic cleavage and are degraded, while the antisense siRNA goes on to act as a
template for other RISC complexes'6 . This pathway can be triggered by the long dsRNA
in mammalian cells. In other organisms the trigger is often smaller siRNA constructs,
such as two separate, annealed single strands of 21 nucleotides with 3' overhangs, or a
single stem-loop, often termed short hairpin RNA (shRNA), which are subsequently
processed by cellular machinery into siRNA' 7.
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Figure 1-2 Dicer and RISC, elements of the RNAi pathway18
Although RNAi provides a powerful tool for targeted gene inhibition, there are still
concerns about the use of this technology. Factors limiting the use of RNAi include
efficient delivery of the siRNAs, potential off-target effects, and variety of host
organisms. For example, due to the great reliance on inherent regulatory elements, RNAi
cannot be implemented in organisms that do not contain all of the components of the
RNAi pathway, including Dicer and the RISC complex. Notable organisms that fall into
this category include S. cerevisiae , a budding yeast commonly used to study a variety of
biological mechanisms, and P. falciparum,15 . a protozoan parasite that causes human
malaria. Using RNAi as a laboratory tool for manipulating gene expression is only
feasible in cells that already have the required machinery. Furthermore, even in systems
that are amenable to RNAi, the siRNA, shRNA, or dsRNA could be difficult to transport
directly and specifically to cells of interest. The effect of these molecules can cause off-
target effects in genes other than the gene of interest, and can be transient in certain
systems, making gene function more difficult to study over a long period of time 8.
For many important biological contexts no robust gene expression systems have been
implemented. Having an inducible system that can be adopted without extensive upfront
genetic characterization can make the study of lesser known organisms significantly
easier. Since many details of protein translation are highly conserved among species, this
process is an attractive platform for designing an inducible gene expression system that
can be readily implemented in a wide variety of contexts. Nature provides many
examples of post-transcriptional regulation, which can be used as a basis for synthetic
systems. Other groups have sought to make synthetic RNA-based translational control
devices, which rely on inducible RNA cleavage to promote target RNA degradation or
small molecule-RNA aptamer interactions to alter translation19-22. We aim to expand on
current schemes by adapting pertinent aspects of a naturally-occurring translational
control system that has been extensively characterized and taking advantage of reversible
interactions between proteins and protein-binding aptamers.
1.2 The Iron Responsive Element and Protein
1.2.1 Basic Components
Nature provides multiple examples of inducible post-transcriptional regulatory systems.
One such system, the model motivating our efforts, is the well-characterized iron
responsive element/iron responsive protein (IRE/IRP) system which regulates
mammalian iron storage and metabolism. This system is based on the binding interaction
between the iron responsive element (IRE) mRNA sequence and the iron-binding
element's responsive binding protein (IRP). This interaction is used to control the
translation of the heavy and light chain mRNAs which encode two subunits of ferritin, an
iron storage protein. The IRP conformation can be altered by binding to free iron when
cytosolic concentrations are elevated, allowing for modulation of the IRP/IRE protein-
element interaction23.
In this system, the mRNA coding for the iron storage protein ferritin contains a stem-loop
structure in its 5' UTR, the IRE. Under conditions of low iron concentration, the IRP
binds to the IRE with low nanomolar affinity. This binding interaction prevents
translation initiation via steric hindrance and represses translation several-fold. When the
cytosolic iron concentration increases, iron-sulfur clusters form and bind to the IRP. This
causes a conformational change in the IRP which decreases the affinity of IRP for the
IRE. In the absence of the bound IRP, the IRE creates no steric hindrance. Translation
initiation occurs properly for the ferritin subunit mRNAs, allowing for normal ferritin
synthesis. The concentration of iron determines whether or not the IRP is in a
conformational state that allows for binding to the IRE and thus prevention of mRNA
translation.
1.2.2 Mechanism of Action
The interaction between the IRP and IRE is thought to prevent translation initiation
through steric hindrance. The IRE is exquisitely positioned such that the bound IRP
blocks the recruitment of the 43S preribosomal complex by physically preventing the
required interaction between the eukaryotic translation initiation factor 4F (EIF4F) and
the 40S small ribosomal subunit25 . This interaction represses translation of the ferritin
protein, regulating iron metabolism.
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Figure 1-3 IRP/IRE system preventing translation through steric hindrance2 3
The IRE is a highly conserved 35 nucleotide stem-loop structure in the 5' UTR of ferritin
subunit mRNA. It features a six-member loop and upper and lower stems separated from
each other by an unpaired cytosine on the 5' end. Base pairing between stem residues are
used to stabilize the conformation of the IRE stem loop. This structure preserves a
specific distance and spatial orientation between IRE nucleotides that directly interact
with the IRP. The IRE is located within 40 nucleotides of the cap structure, and this
position is intrinsic to its functionality. For example, when the IRE is moved distally
from the cap, translational repression is ineffective since there is then sufficient space in
the cap-proximal region for the 43S complex to bind26
The hypothesis that the IRE/IRP repression system operates using steric hindrance as
opposed to intrinsic behaviors of the elements themselves is supported by a series of
experiments that replaced the IRE/IRP interaction with other RNA-binding proteins and
their targets. It has been demonstrated that substituting other high affinity RNA-protein
interactions, such as the spliceosomal protein U1A and its corresponding RNA-binding
sequence, in the 5' UTR of a given transcript can yield a similar inhibition of
translation27
1.3 Elements of the Protein-Aptamer Gene Regulatory System
The IRE/IRP system of post-transcriptional gene regulation consists of three main
components relevant to our efforts: the RNA element marking the
gene of interest, the protein whose reversible binding to the RNA causes steric hindrance,
and a chemical stimulus that determines whether the protein is bound. In the Niles Lab,
we have modeled a synthetic inducible translational control system off of the IRE/IRP
method of gene regulation. In this case, a ligand-inducible DNA-binding transcription
factor is effectively converted into a ligand-inducible RNA-binding protein to achieve
post-transcriptional control over a target RNA.
This system is based on the reversible interaction between a protein and its corresponding
protein-binding RNA aptamer. The placement of the aptamer is used to control specific
genes through steric hindrance of mRNA translation initiation. The protein/aptamer
interaction can be prevented with the addition of a small molecule that changes the
conformation of the protein. With the molecule bound, the protein has a lower affinity for
the aptamer, preventing the interaction and allowing translation initiation to occur.
1.3.1 Protein Selection
Our inducible translational control system uses the Tetracycline Repressor Protein
(TetR) as the sensor protein. Many factors influenced the selection of this protein. First,
this protein has been extensively characterized, can be easily expressed, and can be
present at a high concentration in both prokaryotes and eukaryotes without hindering
cellular function28
Secondly, TetR naturally functions as a transcriptional regulator. Tetracycline is a
powerful antibiotic which binds the 30S ribosomal subunit of bacteria, inhibiting protein
synthesis by preventing peptide chain elongation 2 9. Bacteria with tetracycline resistance
have the gene tetA to encode the antiporter membrane protein TetA, which facilitates the
export of tetracycline from the cell. However, expressed TetA inhibits the electrical
potential maintenance of the cellular membrane, making the protein lethal to bacteria at
high concentrations. Therefore in tetracycline-resistant bacteria, expression of tetA must
be carefully regulated. This gene is under the tight transcriptional control of TetR.
Figure 1-4 Structure of TetR bound to tetO30
In the repressed state, TetR binds to tetO, a protein binding operator domain of DNA
which overlaps the promoter for tetA, preventing transcription of the gene. This binding
interaction occurs with a sub-nanomolar affmity, effectively preventing transcription of
tetA when tetracycline is not present. However, in the presence of tetracycline, TetR
binds tetracycline with a low nanomolar affinity. This bound state reduces the affinity of
TetR for tetO by nine orders of magnitude 30, allowing transcription of tetA. Therefore,
TetR interacts with the DNA regulatory element tetO to prevent unnecessary
transcription of tetA, which can be harmful to the cell.
The presence of the antibiotic tetracycline induces tetA transcription and allows for
clearance of the antibiotic from the cell. Furthermore, TetR binds specifically to several
tetracycline analogues with high affinity, all of which induce the conformational change
reducing TetR binding affmity to tetO. One analog, anhydrotetracycline (aTc) is
particularly useful. This derivative of tetracycline exhibits reduced antibiotic activity,
making it a good candidate for inducing TetR in bacterial hosts. Overall, TetR has a
combination of attractive features, namely the ease of producing and expressing TetR, its
DNA binding ability which likely confers some RNA binding ability applicable to our
system, and its inducibility in the presence of tetracycline and tetracycline analogs, which
make it a viable option for an inducible translational regulatory system.
1.3.2 RNA Aptamer Selection
The final component of the inducible translation control system is an RNA aptamer used
to distinguish the gene of interest. Aptamers are oligonucleotides (RNA or DNA) or
small peptide molecules that bind specifically to a target molecule. Typically, these
aptamers are engineered to have specific binding and thermodynamic properties and are
selected from a large random sequence pool. We chose to use RNA aptamers in order to
control gene regulation at the level of translation, according to the advantages mentioned
previously. We reasoned that by discovering RNA aptamers capable of reversibly
interacting with TetR in an aTc-dependent manner, we could design a system analogous
to the IRE/IRP gene regulatory system.
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Figure 1-5 Schematic View of TetR-Aptamer Translational Control System3'
Furthermore, using this aptamer system allows access to additional protein domains that
can be fused to TetR, the aptamer-binding protein. An aptamer developed in the lab, 5-
1.2, can reversibly bind to TetR with high affinity in the absence of tetracycline or its
analog anhydrotetracycline (aTc).
1.3.2.1 Initial Selection Process
Our laboratory has recently used in vitro Systematic Evolution of Ligands by Exponential
Enrichment (SELEX)32 to developed a series of RNA aptamers that bind TetR in a
tetracycline-dependent manner. This process started with a 10" member RNA library of
50 random bases flanked by constant regions, for a total of 97 bases. Through 5 rounds of
selection using C-terminal His6-tagged TetR immobilized on Ni-NTA magnetic beads,
high-affinity binding aptamers (Kd < 1 nM) were found. Select aptamers were chosen for
further analysis which found two conserved motifs among the variants. Truncations of
these aptamers were made to find the minimum number of nucleotides required for
functionality. Sections of sequence deleted to obtain shortened stem-loop structures with
similar motif placement to the parent aptamers. One shortened aptamer, 5-1.2 was found
to have a Kd of 1.6 nM, similar to the affinity of TetR binding to tetO. The high affinity
binding of this aptamer to TetR was efficiently reversed by the addition of the Tc analog
anhydrotetracycline (aTc).
1.3.2.2 Motif Characterization
After the fifth round of aptamer selection, 11 distinct aptamers were found to bind to
TetR in a Tc dependent manner. The sequences of these aptamers were analyzed using in
silico sequence motif searching and secondary structure prediction tools. Using MEME33,
two highly conserved sequence motifs were found. Motif 1 was present in all 11
aptamers, and Motif 2 was prevalent in most of the variants. As for base composition,
Motif 1 is heterogeneous, while Motif 2 is rich in purines. Notably, neither motif shared
significant sequence homology with tetO, as determined by MEME. This indicated that
the molecular interactions responsible for TetR binding to both the DNA operator and
RNA aptamers are distinguishable at the nucleotide level3 l.
Motif I Motif 2
Figure 1-6 Conserved Sequence motifs present in the loop of aptamer 5-1.231
Out of the 11 aptamers, the three with the lowest Kd were further characterized using
Mfold34 to predict their RNA secondary structures. All were predicted to fold into stem-
loop structures, and in each case, the conserved motifs were predicted to occur in the
single stranded loop regions of the structure. This indicated that preserving both the
overall stem-loop structure and the relative positioning of the motifs might be necessary
for preserving functionality of minimized aptamers31 .
1.3.2.3 Development of Aptamer 5-1.2
The aptamer 5-1.2 was developed from the full-length (97 nucleotides) aptamer 5-1. A
series of truncations of this aptamer were designed to preserve functionality and
minimize aptamer size, removing all non-essential nucleotides of the aptamer. These
truncations preserved the two motif regions found from the pool of binding aptamers and
the base-pairing of the stem structure.
A
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Figure 1-7 Aptamer 5-1.2 with highlighted motifs and thermodynamic properties3'
Using MFold, the secondary structures of the truncated aptamers were found to preserve
the parent motif locations and stem loop structures. The minimized aptamers had 5-10
fold higher dissociation constants than the respective parent aptamers, but still maintained
low nanomolar affinity. The strongest binder of the minimized series was aptamer 5-
1.2, a 54 nucleotide aptamer with a preserved stem-loop structure. This aptamer bound
TetR in a Tc dependent manner with a 1.6 nM dissociation constant. However, truncating
the aptamer seemed to slightly reduce stability, increasing the Free Energy (AG) to -22.6
kcal/mol from -25.5 kcal/mol in the full length aptamer. Furthermore, the two MEME-
detected motifs were found to be essential to TetR binding. Mutated 5-1.2 aptamers
containing scrambled sequence instead of both motifs lost all TetR binding ability.
1.3.3 TetR-Aptamer System Overview
The inducible protein-RNA aptamer translational gene regulatory system developed in
the Niles lab can be used as a platform for studying RNA biology, including translation.
This system, analogous to the IRE/IRP regulatory system, is thought to prevent
translation in the bound state through steric hindrance, and induce expression upon the
presence of a signaling molecule. In our system, the protein-binding RNA aptamer 5-1.2
is place in the 5' UTR of a specified gene of interest. This aptamer preferentially binds
TetR in the absence of tetracycline, and the protein-aptamer interaction prevents
translation initiation through steric hindrance. However, tetracycline or an analog such as
anhydrotetracycline (aTc) present in the media preferentially binds TetR and changes the
protein conformation, reducing the affinity of TetR for aptamer 5-1.2. In this induced
state, translation initiation can occur and gene expression is restored.
The most significant benefit of using this regulatory system is that the interaction is
inducible, and thus can be turned on or off as desired by changing the concentration of
tetracyclines in the media.
1.4 Initial Characterization of the Protein-Aptamer System
The efficacy of translational control achievable with the TetR-aptamer system was tested
in both E. coli and S. cerevisiae. In these experiments, a reporter gene was put under the
control of a TetR-binding aptamer. Translational repression was evaluated by comparing
expression of the reporter gene in the presence and absence of tetracyclines. Control
experiments were performed to ensure that the genetic responses were specific effects of
the TetR-aptamer system.
1.4.1 Translational Control in Bacteria
Translation in E. coli was selected as a model process for evaluating the TetR-aptamer
system for gene regulation. For these experiments, aptamer 5-It and the reporter gene
Choramphenicol acetyl transferase (CAT) were both used. Aptamer 5-It is similar in
structure to 5-1.2 and was also developed from truncations of the full-length 5-1 aptamer
obtained from the 5 rounds of SELEX. In order to test translational control, aptamer 5-It
was placed in the 5' UTR of the CAT reporter, 7 bases upstream of the ribosome binding
site. In the absence of tetracyclines, TetR should bind the 5-it aptamer and prevent
expression of CAT. Bacteria in this repressed state should have significantly hindered
growth in media containing Chloramphenicol (Cm). However, upon addition of aTc,
expression should be restored, allowing growth in Cm media.
Bacteria were cotransformed with plasmids containing TetR under control of the lacZ and
CAT under control of the 5-1 t aptamer. Bacterial growth was measured, with OD 60 0
readings, in liquid media containing chloramphenicol in the presence or absence of TetR,
modulated by IPTG, and in the presence or absence of aTc. Results showed that cells
expressing both TetR and the CAT reporter construct with no aTc grew significantly
slower than those not expressing TetR. The lag time in growth was about 5 hours longer
for these cells than the control cells. Addition of aTc to these co-expressing cells
significantly reduced this lag time to approximately 1 hour as compared to the control
cells. Significantly, adding aTc to the control cells had no observable effect. Furthermore,
mutating the conserved motifs and replacing the aptamer by tetO both restored wild-type
growth, supporting the specificity of the TetR-aptamer repression mechanism31.
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Figure 1-8 Cm-dependent growth curves for E. coli co-expressing TetR and 5-It 3 1
Overall, the interaction between TetR and aptamer 5-It was able to repress CAT
expression. A 48% increase in CAT activity was observed between the repressed and aTc
induced conditions. Control conditions showed that this change in expression level was
not achievable in the absence of TetR or with mutated aptamer motifs. This data shows
that the TetR-aptamer system is sufficient to directly mediate a significant change in
growth phenotype.
1.4.2 Translational Control in Yeast
In order to prove that the TetR-aptamer system could also function in a model eukaryote,
translation control of the system was tested using the host S. cerevisiae. In yeast, a single
5-1.2 aptamer was genetically encoded within the 5'-UTR of firefly luciferase.
Luminescence was measured in the presence and absence of the inducer molecule aTc in
order to determine levels of repression. These results were compared to standardized
controls of no TetR expression, and replacing TetR with IRP or aptamer 5-1.2 with IRE,
which should prevent binding and repression.
The W303 yeast strain was transformed with both a vector containing the aptamer-
regulated reporter gene under the control of the strong constitutive promoter TEF 1 and a
vector containing TetR under the control of a galactose inducible promoter. Cells were
grown in the presence or absence of galactose to control TetR expression and 1 gM aTc
to reverse the TetR-aptamer interaction. In the absence of TetR, luciferase signal did not
change in the presence or absence of aTc. However, when TetR was expressed, reporter
signal was repressed by 78% until addition of aTc.
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Figure 1-9 Luciferase signal in the presence/absence of the repressor and aTc
In this experiment, IRE and IRP were used as negative controls to ensure that only the
specific TetR-aptamer interaction was responsible for regulating reporter translation. To
show that TetR expression does not affect reporter expression, aptamer 5-1.2 was
replaced with IRE. No repression of luciferase activity was reported, confirming that
TetR expression alone does not affect reporter expression. To show that repression is
associated with the specific TetR-aptamer interaction, TetR was replaced with IRP and
showed no repression of luciferase activity. These results show that the TetR-aptamer
system achieves 78% Luciferase signal repression with respect to the +aTc level. These
results can be attributed to the interaction between the 5-1.2 aptamer and TetR because
replacing either element gives no repression of luciferase signal.
1.4.3 Summary of Current Translational Control
The TetR-aptamer system of inducible translational control has been found to effectively
hinder expression of a reporter gene in both a prokaryotic and model eukaryotic setting.
In E. coli, putting the CAT gene under control of the 5-lt aptamer slowed growth in
media containing chloramphenicol, adding a lag time of 5 hours to growth. Induction
with aTc reversed much of these effects, demonstrating the inducibility of gene
expression in the presence of tetracyclines. Gene expression of CAT increased 48% and
the lag time was reduced to 1 hour. In S. cerevisiae, firefly luciferase was placed under
control of the 5-1.2 aptamer. TetR-aptamer interactions repressed gene expression by
78% in the absence of aTc as compared with aTc induction expression levels. In both
contexts, it was shown that maintaining the TetR-aptamer interaction was critical to
observing repression. When either member of the complex was replaced, no repression
occurred. This data shows that the system is capable of producing consistent gene
repression in both bacteria and yeast that can be reversed upon addition of the inducer
molecule.
1.5 Current Control System Efficacy and Proposed Improvement
The translational control system developed in the Niles Lab is a useful tool for regulating
gene expression. However, repression levels are still relatively low. In E. coli, the
induced and repressed states differed by only 48% of gene expression. However,
improving the aptamer sequence (5-1.2) allowed for an increase in repression
demonstrated in a eukaryotic setting. The current TetR-aptamer system achieves 78% or
approximately 5-fold repression. Although this level of repression is sufficient for many
applications, achieving improved repression, and hence regulatory dynamic range, would
expand the functionality of this system. Improving the efficacy of the TetR-aptamer
system will also make it more competitive against current technology. For example,
RNAi, another current method of post-transcriptional control, routinely represses gene
expression greater than 78% and often exceeds 90%35. The TetR-aptamer system can be a
useful laboratory tool for creating gene knockdowns. Having an improved regulatory
dynamic range allows the TetR-aptamer system to target proteins3 6' 37 with relevant
regulatory levels that fall outside the range that is currently achievable. Therefore,
increasing the regulatory dynamic range of this system could potentially facilitate
application to a broader set of biologically relevant problems. For this project, we aim to
improve the efficacy of the current TetR-aptamer system by creating a library of peptide
fusions to TetR and screening for improved repression.
Chapter 2: Library Design and Construction
In the Niles Lab, we have developed an inducible translational control system based on
the interaction between proteins and protein-binding RNA aptamers. The system uses the
Tetracycline Repressor Protein (TetR) binding to an engineered TetR-binding aptamer
placed in the 5' UTR of a gene of interest to repress gene expression. Gene function can
be restored upon the addition of tetracyclines including anhydrotetracycline (aTc) which
preferentially binds TetR and induces a conformational change that reduces the affinity of
TetR for the aptamer.
Previous work has been done to improve repression by optimizing the TetR-binding
aptamer, resulting in the development of aptamer 5-1.2 which binds TetR in a Tc-
dependent fashion with a low nanomolar dissociation constant (Kd = 1.6 nM). However,
even with these improvements, the repression level currently achievable with this system
is 5 fold or approximately 78% in S. cerevisiae. Although this repression is significant,
further control over gene expression would allow for application to a broader set of
biological problems. In order to optimize repression, we have decided to focus on the
TetR protein itself. We plan to engineer TeR peptide fusion proteins that have additional
functionality and improve the overall repression of the system. For this project, we
propose to improve translational control achievable with the TetR-aptamer system by
creating a library of peptide fusions to TetR and screening for improved repression.
2.1 Library-Based Approach
Our approach for improving the repression achievable with the TetR-aptamer system is to
create C and N terminal libraries of peptide fusions to TetR. This approach has been
shown to be effective in similar situations. One way to improve repression of our system
is to improve binding between TetR and its RNA aptamer. Other groups have used
random libraries of peptide fusions to a target protein in order to improve binding to
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nucleic acid sequences . For example, random yeast peptide library fusions can
improve the binding of proteins such as HIF-1 to their DNA targets3 9. Assuming that the
TetR-aptamer interaction would behave similarly to these protein-DNA interactions,
using a random library could be an effective way to improve repression.
We also have evidence suggesting that adding a large peptide to TetR would not
significantly impair its functionality, either its ability to bind aptamer 5-1.2 or its
inducibility in the presence of aTc. Previous work in the lab has shown that both small
and large peptide tags can be fused to either the N-or C- terminal ends of TetR without
significantly impairing function of the TetR-aptamter system. For example, The T7 tag40
was added to the N-terminus of TetR for affinity purification. The She3 domain41 was
also used to make an N-terminal protein fusion with TetR for localization studies. The
small T7 tag, 11 amino acids, and the larger She3 domain, 197 amino acids, both had no
significant impact on TetR function. As for C-terminal protein fusions, TdTomato 42 was
fused to TetR for various imaging applications. Similarly, the smaller His6 tag43 was also
attached to the C terminus in order to immobilize the protein to Ni-NTA magnetic beads.
The size of the His6 tag is 6 amino acids, while TdTomato has a length of 475 amino
acids, and neither negatively impacted TetR function. The length of peptides that have
been attached to TetR vary enough to cover sizes useful for a random library, implying
that a library would behave similarly to these fusions. Since in previous fusions TetR did
not have diminished functionality, it is reasonable to believe that adding a C or N
terminal peptide library to TetR would not adversely affect its gene-regulatory functions.
Furthermore, using a random library, as opposed to specifically mutating the aptamer or
protein, can improve binding in multiple ways. One possible mechanism of increasing
repression is to directly improve the protein-aptamer binding. Perhaps with a more stable
interaction, levels of gene expression would be greatly reduced in the repressed state. The
library could also stabilize the mRNA for TetR, increasing the cellular concentration of
the protein. More protein available in the cell increases the probability that TetR and the
aptamer will interact. In another possibility, the random domain can also recruit other
cellular components to further interact with the TetR-aptamer system. Recruiting cellular
component allows for many additional functions, including improving binding,
stabilizing the aptamer, further increasing steric hindrance or other mechanisms involved
in preventing translation initiation.
Using a strictly rational approach, namely making specific mutations in either the
aptamer or protein, limits the possible mechanisms for improving repression. With a large
enough random library and a screening method for identifying hits, a random library
gives a higher probability of finding a protein fusion that achieves higher repression.
Since libraries have been shown to be effective in similar situations and have multiple
means of improving repression, we have chosen to improve the repression of the TetR-
aptamer system by using a random library peptide fusion to TetR.
2.2 General Library Design
To improve repression, both N- and C- terminal peptide libraries will be constructed and
tested. Since both regions could possibly influence the myriad factors that affect
repression, both will be done in parallel. Each library will consist of 20 random amino
acids and a constant SSG linker region in frame with the rest of TetR. This TetR fusion
protein will be under the control of the galactose-inducible PGK1 promoter on a vector
with LEU2 marker for selection in yeast and ampicillin resistance for selection in
bacteria. The library and vector have been designed so that either homologous
recombination or standard restriction/ligation cloning can be used to construct the peptide
fusions. Having both N-terminal and C-terminal libraries increases the likelihood of
finding a variant with improved repression while the two methods of cloning allow some
flexibility in constructing the vector.
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Figure 2-1 N- and C- terminal library scheme
2.2.1 Variable Region
The main feature of the peptide library is its variable region which encodes 20 random
amino acids. This size library was chosen for a variety of reasons. First, it falls into the
range typically used for similar applications in the current literature. On average, most
single-insert peptide libraries fall between 6 and 50 amino acids, while peptide libraries
used to improve binding of to a nucleic acid typically have a more narrow range of
between 12 and 24 amino acids 4 . The choice of 20 amino acids falls strictly into the
range of sizes that have previously been successful at improving peptide-nucleic acid
binding.
Furthermore, the size of twenty amino acids was chosen as a balance between coverage
and feasible testing space. Since there are twenty spots for each of the twenty amino
acids, the total variability achievable with this size library is 1.05*1026 variants. This is
far larger than anything that is currently available to efficiently construct and screen. A
smaller library, say only 5 random amino acids, would have much fewer possible
variants, namely 3.2* 106. With this size pool, it is conceivably possible to test every
variant. However, it is also unlikely that such a small peptide would significantly affect
function. On the other end of the spectrum, having an extremely large peptide would
increase the chances of producing an observable change in repression. But in this case, it
would only be possible to sample an extremely small subset of all the variants. It would
be virtually impossible to exhaustively test all combinatorial variants, making this sized
pool unnecessarily large.
We believe that this twenty random amino acid library represents a balance between the
chances of having a peptide sequence that can improve repression and the ability to
feasibly screen a sizeable portion of the variants for an improvement in repression. This
size choice is further strengthened by the work of other groups pursuing similar
challenges. Twenty amino acids are in the middle of the range of typical single-insert
peptide libraries, and is a typical size for fusions that improve protein-nucleic acid
binding.
2.2.2 Constant Region
In addition to the twenty random amino acids, the N and C terminal library fusions also
contain flanking constant regions. These regions contain linker peptides, restriction
enzyme sites for cloning, and homology for homologous recombination. Both libraries
use an SSG linker peptide as a buffer between the random amino acid section and the rest
of TetR. The constant regions of the library also contain both 40 bp of homology to the
vector and single cutting restriction enzyme sites. Therefore, the library can be cloned
into the TetR vector using either yeast homologous recombination or restriction/ligation
cloning.
Linkers are short peptide sequences that connect protein domains and allow them to
move relative to one another in order to obtain a favorable spatial conformation.
The SSG linker consists of two polar serine residues and a hydrophilic glycine. Early
examinations of naturally occurring linker peptides found a strong preference for serine,
glycine, and threonine residues45 . These amino acids have been thought to make the best
linkers for gene fusions because they were most strongly preferred in natural linkers46.
Since both serine and glycine do not have large side chains, they are used to give
flexibility to the linker. Furthermore, serine residues have been found to stabilize linkers
and prevent chain unfolding47 . This SSG linker scheme is typical and has been
successfully used for fusing protein domains8 -5 .
2.3 Site Specific Library Design
2.3.1 The N-Terminal Library
The N- terminal library contains a start codon and the 20 random amino acids flanked by
the restriction enzyme sites XhoI and AatII. Both of these are single cut sites within the
complete vector. When cut, these restriction enzymes leave sticky ends that are non-
complementary. Both enzymes are rated as excellent using the fidelity index5 1 and do not
exhibit star activity. Furthermore, these two restriction enzymes are suitable for double
digest and extended digest, simplifying the construction process.
Since the AatII site is located downstream of the start codon, it is incorporated into the
linker, making the linking amino acid sequence TSSG. The additional threonine in the
linker peptide should have no adverse effects on linker function because threonine is also
often used in similar protein fusions and natural linkers. In order to keep the library in
frame with the rest of the protein, the 20 amino acids contain 59 random bases, with the
last base (G) occurring in the restriction enzyme site. Once the library is cloned into the
vector, the initiator methionine is introduced by the library fragment and the original start
codon functions as a regular methionine.
2.3.2 The C-Terminal Library
The C-terminal library contains the 20 random amino acids and a stop codon flanked by
the restriction enzyme sites AscI and SalI. These enzymes are both single cutters on the
library vector that leave non-complementary sticky ends. Using the fidelity index, AscI is
rated excellent and SalI exhibits significant star activity. However, SalI has a high fidelity
enzyme (Sal-HF) that reduces the star activity. AscI and Sal-HF are compatible for
double digest and are suitable for extended digests.
The Sail site is incorporated into the linker peptide, giving the sequence SSGVD. Valine
is nonpolar and has a relatively small side group, which should not hinder the flexibility
of the linker peptide. Aspartic acid is deprotonated at physiological pH and was found to
be present in a number of naturally occurring linker peptides4 5. Both amino acids should
not adversely affect the linker function in the peptide fusion. The library is kept in frame
with the remainder of the TetR protein and the 20 amino acids consist of 60 random base
pairs. When the library is cloned into the vector, the original stop codon is removed,
ensuring that the amino acids of the library fragment are translated along with TetR.
2.4 TetR Vector Design
Both N- and C- terminal peptide fusions will be created on a plasmid containing TetR
and insertion sequences at both sites. This plasmid has the pRS415 backbone containing
the LEU2 marker, which allows for selection using leucine dropout media, and ampicillin
resistance, allowing for selection in bacteria. TetR was cloned into pRS415 under the
galactose-inducible PGKlpromoter and PGKI terminator. This vector has single cut
restriction enzyme sites XhoI and AatII for insertion of the N-terminal library using
bacterial restriction/ligation cloning. With no library inserted, the two restriction enzyme
sites are separated by six randomly chosen bases (CTGATT). This spacer allows for ideal
restriction enzyme cleavage close to the end of an oligonucleotide fragment. This
fragment occurs before the start codon of TetR, and therefore the content of the 6 bases is
relatively trivial. The only criterion was that the sequence does not contain a start codon
and is not a restriction enzyme site. The C-terminal insertion area contains restriction
enzyme sites for SalI and AscI, also separated by six bases. However in this case, the first
three are a stop codon (TGA) and the second three are randomly chosen (TCC). This stop
codon stops translation of TetR when no C terminal library is inserted. Although this
allows for insertion of the C-terminal library in frame, it also causes the linker peptide to
be present in TetR even without an inserted library.
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Figure 2-2 Annotated pRS415 TetR Vector Diagram
The base vector contains TetR and the N and C terminal library insertion sites, which can
be constructed using both yeast homologous recombination and bacterial
restriction/ligation cloning. TetR is under the control of the PGK1 promoter and
terminator, and therefore expression is inducible in the presence of galactose. LEU2 and
ampicillin serve as markers in respectively S. cerevisiae and E. coli, respectively.
2.5 Component Construction
The final library-TetR fusion vector will be constructed from two main components: the
library fragment and the TetR base vector. The library fragment consists of the twenty
random amino acids and the constant regions including the linker peptide, restriction
sites, and areas of homology. Both the N-terminal and C-terminal library fragments will
be constructed in parallel, using a similar scheme. The TetR base vector consists of TetR
with both the N-terminal and C-terminal library insertion sites in the pRS415 backbone
plasmid. TetR is under the control of the PGKI promoter and terminator, and the
backbone already contains the LEU2 and ampicillin markers. This TetR base vector is
constructed in a two step bacterial cloning process. Once the library fragment and the
base vector are constructed, the TetR-library fusions will be created using either bacterial
restriction/ligation cloning or yeast homologous recombination.
2.5.1 Library Fragment Construction
The N-terminal and C-terminal library portions were each constructed from three
synthesized oligonucleotide components: a main oligomer and two primers. The main
oligomer of each library consists of the variable amino acid region flanked by small
constant regions at both ends. The forward oligonucleotide primers contain the remaining
upstream constant region of each library, while the reverse oligonucleotide primer
containing the remaining downstream constant region. All three components for both
libraries were synthesized by Integrated DNA Technologies (IDT). PCR was used to
construct the complete N-terminal and C-terminal library fragments, with the main
oligomer as template and the forward and reverse oligos as primers for the reaction.
2.5.1.1 Oligonucleotide Synthesis
The main oligomer for each of the N-terminal and C-terminal libraries was synthesized
by Integrated DNA Technologies as a 100 base single-stranded oligonucleotide. The
primers are smaller oligonuclotides containing no random bases and were also
synthesized by IDT.
The N-terminal main oligomer contains 19 base 5' homologous region, the ATG start
site, 59 randomly selected base pairs, and the 22 base 3' homologous region. The 5'
homologous region contains the XhoI restriction enzyme site and 13 addition bases. The
3' homologous region contains the AatII site, which spans the last base of the random
amino acid section (G) and the first 5 bases of the linker, the rest of the TSSG linker
peptide, and 6 additional bases. The N-terminal library primer oligos contain the entire
upstream (5') and downstream (3') constant regions. The forward primer is 43 bases long
and homologous to the 19 bases present on the main oligomer. The reverse primer is 40
bases long and is the reverse complement of the 3' homologous region, complementary to
the 22 base region of the main oligomer.
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Figure 2-3 Annotated N-Terminal Library Fragment Diagram
The 100 base C-terminal main oligomer contains a 17 base 5' homologous region, 60
randomly selected base pairs, the TGA stop codon, and the 18 base 3' homologous
region. The 5' homologous region contains the SSGVD linker peptide with the included
SalI restriction enzyme site and two addition bases. The 3' homologous region, which is
not translated since it appears after the stop codon, contains the AscI site and 12
additional bases. The C-terminal library primer oligos contain the entire 40 base upstream
(5') and 40 base downstream (3') constant regions. The forward primer is 40 bases long
and homologous to the 17 bases present on the main oligomer. The reverse primer is 40
bases long and is the reverse complement of the 3' homologous region, complementary to
the 18 base region of the main oligomer.
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Figure 2-4 Annotated C-Terminal Library Fragment Diagram
2.5.1.2 Library Fragment PCR
Both the N-terminal and C-terminal library fragments were constructed from their
respective main oligomers, forward primers, and reverse primers using PCR with Phusion
High-Fidelity DNA polymerase from NEB. This polymerase was chosen to minimize the
rate of introduced errors. The PCR reaction conditions were set up according to
manufacturer's protocol for the Phusion High Fidelity PCR kit5 . In each reaction, the
main oligomer served as template for the forward and reverse primers. Each reaction was
limited to 8 amplification cycles to prevent preferential amplification of certain library
variants53. This limitation maximized the representation and diversity of the library
fragments. Since both libraries are smaller than 1 kb, a 30 second extension time was
chosen. Optimal annealing temperature 54 was determined by comparing samples on a
gradient of annealing temperatures ranging between 500C and 72'C. The optimal
annealing temperature was 59'C for the N-terminal library and 63'C for the C-terminal
library. In order to create a standard pool for the subsequent experiments, 48 different
PCR reactions were run on each library and pooled, respectively, using the Qiagen
QiaQuick PCR purification kit55 .
Figure 2-5 Agarose gels of the N-terminal and C-terminal library fragment PCRs
2.5.2 TetR Vector Construction
The TetR vector consists of TetR with both N-terminal and C-terminal library insertion
sites under the control of the PGK1 promoter and terminator in the pRS415 backbone as
described in section 2.4. This vector was constructed using a two step bacterial cloning
process. First, the promoter-TetR-terminator segment was constructed in the yCp
backbone, and then this entire cassette was cloned into the pRS415 backbone.
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Figure 2-6 Baseline TetR vector construction scheme
For the first cloning step TetR was amplified out of a previously constructed vector with
forward and reverse primers that contained the library insertion sites as primer tails. This
TetR insert was cloned into a yCp plasmid originally containing IRP under the control of
the PGK1 galactose-inducible promoter and terminator. Both the vector and insert were
restriction digested with XhoI and EcoRI. The vector digest was excised from a 1%
agarose gel and purified using the Qiagen QiaQuick Gel Extraction kit56, while the insert
digest was purified using the QiaQuick PCR Purification kit55 . The segments were ligated
using T4 DNA Ligase and transformed into a chemically competent aliquot of the DH5a
strain of E. coli. The second cloning step involved PCR amplification of the promoter-
TetR-terminator cassette, restriction digest of the insert and the pRS415 vector with SalI
and SaclI, and purification similar to the previous step. The components were ligated
using T4 DNA ligase and transformed into chemically competent DH5c cells. The
complete TetR vector was sequence verified along the entire promoter-TetR-terminator
segment.
2.6 Library/TetR Fusion Construction
The final N-terminal and C-terminal library and TetR fusion vectors were created using
traditional restriction/ligation cloning in bacteria. Although the libraries were designed to
be constructed using either yeast homologous recombination or bacterial cloning, initial
HR experiments had recombination issues between the TetR vector and reporter vector
and were soon abandoned. The cloning substrates are the N-terminal and C-terminal
library inserts and the baseline TetR vector, the construction of which were described in
sections 2.5.1 and 2.5.2. The inserts came from the purified pool of the 48 individual
PCRs, while the vector was obtained from the maxiprep of a 500 ml culture. These
components underwent double restriction digest, purification, ligation, and
transformation, and final harvesting. All of these steps were optimized to ensure
maximum diversity, purity, and efficiency.
2.6.1 Library and Vector Digests
For the N-terminal fusion, both the TetR vector and the N-terminal library fragment
underwent overnight double digest with XhoI and AatII. The C-terminal library fragment
and TetR vector both underwent overnight double digest with Sal-HF and AscI for the
C-terminal fusion. This step was optimized in order to maximize the cutting efficiency
while minimizing the amount of both leftover uncut vector and non-specific degradation.
Both double digests took place in buffer 4, optimal for both pairs of enzymes. Reactions
were incubated at 37'C for 16 hours and then heat shocked at 65'C for 20 minutes to
deactivate the restriction enzymes. Reaction protocol occurred in the thermocycler to
standardize time intervals and prevent variation among preps. All 4 enzymes were
suitable for heat inactivation. The enzyme to DNA ratio was kept at the 1 1l enzyme for 2
pg DNA, which is recommended by NEB. This choice ensures that enough enzyme is
available to cut at all possible restriction sites in the DNA prep. Since all four enzymes
used are suitable for extended digest, the digest protocol was extended to 16 hours to
further ensure maximal cutting efficiency. Heat inactivation prevents further non-specific
DNA degradation by the restriction enzymes.
2.6.2 Purification
Both the library and vector digests were purified to exchange buffer and isolate the
appropriate cut fragments. Furthermore, the vector digest was treated with Antarctic
Phosphatase to remove the 5' phosphate from the cut DNA fragment. This prevents the
vector from re-ligating to itself and promotes the ligation of vector to insert instead. This
treatment has been found to reduce the amount of background seen upon transformation.
Purification consisted of either gel extraction or PCR column purification. For the PCR
purification, the digest product was directly applied to the QiaQuick PCR Purification
column and treated according to protocol. The drawback to this method is that the
column cannot separate items by size in the range useful for these experiments (100bp to
10kb) 5. However, very little DNA is lost during this process. For gel extraction, the
digest product was run on a 1% Agarose gel in lx TAE. The appropriate sized band was
excised from the gel and underwent the Qiagen QiaQuick Gel Extraction protocol5 6. This
product was ultimately eluted in double-distilled water and used for further experiments.
This method efficiently separates the various digest products, but yield is dramatically
reduced during this process. Our experiments typically found that 30-60% of the initial
uncut DNA was lost using the gel extraction purification. However, some of this loss is
due to removal of the unwanted fragment and any uncut vector during excision.
In order to optimize the retention of appropriately cut DNA while minimizing the uncut
background, we chose to purify the vector digests using the gel extraction protocol and
the library digests using the PCR purification protocol. For the library digests, all
possible digest products are around 100 bases. Excising one small fragment from others
of about the same size is relatively difficult, often incorporating some unwanted products.
Furthermore, this method would waste a significant portion of a limited amount of
synthesized library. Since the library likely would not be able to re-ligate and excision
would be difficult and wasteful, we chose to purify the library digests using the PCR
purification protocol. However, the vector digest products differ greatly in size and can
be viewed easily on a 1% gel. In this case excising only the cut vector is relatively
straightforward. Furthermore, there are fewer consequences to wasting vector product, as
the amount of vector obtainable is not limited by synthesis.
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Figure 2-7 A 1% agarose gel of the TetR vector cut with XhoI/AatII and SalI/AscI
showing faint uncut and small product bands
2.6.3 Ligation
The purified vector and insert digest products were ligated using T4 DNA ligase. The
ligation was run at 16 'C for 16 hours, to ensure complete ligation, followed by a 10
minute heat shock at 65 C to inactivate the enzyme. This protocol maximizes ligation
fidelity and activity. One of the main determinants of library construction success and
efficiency is the ratio of vector to insert in the ligation reaction5 7 . This ratio was titrated
from a 1:1 molar ratio of vector to insert to a 1000-fold molar excess of library insert.
The optimal ratio was found to be a 30-fold molar excess of library, giving a maximal
transformation efficiency. Upon completion, the ligation product was purified by dialysis
before transformation. This was done to fully remove the ligation buffer and salts from
the sample. The reaction was dialyzed for 30 minutes with double-distilled water using a
0.025pm nitrocellulose filter from Millipore.
2.6.4 Transformation
The ligated TetR/Library fusion vectors were transformed into aliquots of an
electrocompetent Machl strain of E. coli. Electrocompetent cell transformation was
chosen because this method has been found to have an increased transformation
efficiency over chemically competent bacterial transformation in the literature 58 and
demonstrated in preliminary experiments. The Machi strain is a derivative of the W
strain of E. coli that has been optimized for growth and plasmid expression 59. This strain
was chosen because it has a fast doubling time of approximately 50 minutes and had been
shown to have a high transformation efficiency by previous experiments in the lab. The
electrocompetent cells were made according to an adapted protocol from Bio-Rad. Cells
were grown in LB to mid-log phase (OD = 0.55) and then washed repeatedly at 4C with
cold 10% glycerol. The final stock was resuspended in 10% glycerol to a concentration of
about 1010 cells/ml. It was portioned into multiple 50 pL aliquots, flash-frozen in liquid
nitrogen, and stored at -80'C until use. These cells were found to have a baseline
transformation efficiency of 3x 109 cfu/ g with uncut plasmid.
For the transformation, a 100 ng sample of dialyzed ligation product was added to a 50
gL aliquot of electrocompetent Machi cells that had been thawed on ice. This DNA to
aliquot ratio was determined to have the highest transformation efficiency in cfu/pg in
titration experiments. These experiments used the ligated C-terminal library insert and
TetR vector as the cloning substrates. One aliquot of the electrocompetent cells was
transformed with varying concentration of purified ligation product varying between 10
ng and 500 ng. Transformation plates were evaluated for both transformation efficiency
and total number of colonies. Using 100 ng of purified ligation DNA achieved a high
efficiency of 700,000 cfu/pg without greatly increasing the number of transformations
necessary to achieve a large library.
This mixture of 100 ng dialyzed DNA and 1 aliquot electrocompetent Machl cells was
electroporated using 1 mm gap electroporation cuvettes. Time constants were typically
greater than 5 ms, which is similar to that of just the electrocompetent cells and indicates
little ionic contamination. The aliquot was immediately resuspended in 500 pL of LB and
left shaking at 37'C for 2 hours to recover. Afterwards, cells were pelleted and
resuspended in 200 pl for plating. Dilutions of 1:10, 1:100, and 1:1000 were made to
more accurately determine total colony counts. All were plated on ampicillin-LB plates to
select for the TetR/library fusion vector and left at 37'C to incubate overnight.
For the C-terminal library a total of 500 ng of purified ligation product were transformed
according to the protocol dictated above. These reactions produced a total of 216,000
colonies, giving an average efficiency of 6.9* 105 cfu/pg and averaging approximately 6
fold over background. Out of these transformants, 20 colonies were sequenced and 17 of
these were shown to have a C-terminal library inserted, indicating that most of the
colonies on the plate did indeed contain a correct construction product. The N-terminal
library was significantly more difficult to clone into the TetR vector both in the
preliminary experiments and while cloning the final library. For the final N-terminal
library, 2 pg of purified ligation product were transformed according to the above
protocol. These reactions produced a total of 130,000 colonies, with an average
efficiency of 6.8* 104 cfu/pg and an average 3 fold over background. For this library
construction, 19 colonies were sequenced and 11 of these were shown to contain a correct
N-terminal library. Although this fidelity is lower than that of the C-terminal library,
there is still a large enough concentration of correct library inserts to move forward with
this library. In total, both libraries had a combined diversity of 2.5* 105 variants.
2.6.5 Harvesting
The N-terminal and C-terminal library variants were harvested from the transformation
plates using a cell scraper. These colonies were resuspended in 40 mL of LB-ampicillin
media. This aggregate was used to inoculate 250 mL of LB-ampicillin media and left to
grow for 2 hours shaking at 370C. This step allows for at least two cellular doublings,
increasing the representation of each clone without allowing time for preferential
amplification. Upon completion of growth, 1/ 2 0 th of the original culture was banked in
20% glycerol and stored at -80'C for future applications. The rest of the culture was
maxi-preped using a Qiagen Plasmid Maxiprep kit to isolate the library plasmid DNA.
This harvested library/TetR plasmid DNA is to be used for the screening experiments for
increased repression.
Chapter 3: URA3 Selection for Improved Repression
The TetR-aptamer system of gene regulation developed in the Niles Lab has been shown
to be effective in both prokaryotic and eukaryotic settings as described in sections 1.4 and
1.5. In eukaryotes, the focus of this project, a baseline repression level was established at
78% with the firefly luciferase reporter gene. In order to find variants with improved
repression, N-terminal and C-terminal peptide libraries were created as fusions to TetR.
These libraries together totaled over 2.5x 105 variants. This quantity of variants is
incredibly difficult to screen for increased repression using the firefly luciferase reporter
gene and assay. An initial, high-throughput selection was developed to find individual
variant that showed improved repression capability. These hits would then be further
characterized using the firefly luciferase assay, among other tests.
The high-throughput selection chosen involves the URA3 gene, which is integral to the
uracil biosynthesis pathway in yeast. We will use both positive and negative selection to
identify library variants that both increase repression of the TetR-aptamer system and
remain inducible in the presence of aTc. The negative selection scheme uses 5-fluoro-
orotic acid (5-FOA) which can be converted by URA3 into a product toxic to cells.
Library variants that improve repression of URA3 will be able to live on higher
concentrations of 5-FOA. The positive selection will involve variants that have already
passed the negative selection. These will be plated on uracil dropout media in the
presence of aTc and the cells containing inducible library/TetR fusions will be able to
grow. Both selections involve plate-based assay, which allow for the testing of a great
number of library variants at one time.
3.1 URA3 for Positive and Negative Selection
In order to select for improved repression of the TetR library fusion variants in S.
cerevisiae, URA3 will be used as a positive and negative selections gene. In yeast, URA3
encodes orotidine 5-phosphate decarboxylase (ODCase) an enzyme involved in the
synthesis pathway of uracil and other pyrimidines from orotic acid60 . This gene is often
used as a positive selection marker, allowing growth selection of yeast clones on uracil
dropout media.
The same reporter gene can also be used for a negative selection. Although the URA3
gene product ODCase typically converts orotic acid to uracil, it can also convert 5-fluoro-
orotic acid (5-FOA) to 5-fluoro-uracil, which is toxic to cells 1 . Therefore, cells with
successful translation of URA3 will not be able to grow on media containing 5-FOA.
Previous experimentation has shown that with full repression cells should be able to grow
on 0.1% 5-FOA media6 2. Cells containing 5-1.2-URA3 should be able to grow on media
containing 5-FOA in the absence of aTc, but should not be able to grown in the presence
of aTc.
Therefore, library variants that have increased repression will be able to grow on higher
concentrations of 5-FOA. Once variants have passed the negative URA3 screen with 5-
FOA, they will undergo a positive URA3 screen for inducibility in the presence of aTe on
uracil dropout media.
3.2 Initial Inducibility Characterization with URA3 Positive Selection
Translation control by the current TetR-aptamer system in yeast was studied using URA3
as the reporter gene. Since W303 yeast carry a mutated version of the URA3 gene which
is non-functional, inserting a wild-type gene should restore URA3 function. Cells that
contain this insert are able to survive on media lacking uracil. These results were
confirmed for aptamer 5-1.2 and TetR without inserted libraries. When cells containing
URA3 under the control of the 5-1.2 aptamer (5-1.2-URA3) were grown on uracil
dropout media, growth was aTc-dependent. However while using the 5-1.2m2 mutant
aptamer, which does not bind TetR, growth was not affected. This mutant aptamer, which
contains two point mutations in the binding motif which renders it unable to bind TetR,
was used as a control for nonspecific effects at a comparable expression level.
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Figure 3-1 Positive URA3 selection with TetR in the presence/absence of aTc
This experiment demonstrates that the URA3 gene under control of the 5-1.2 aptamer can
be used in a positive selection. On URA3 dropout media, the uracil required for growth is
provided by successful URA3 translation in the presence of tetracycline. In the absence
of tetracycline, no growth should be observed. These results also show that repression is
caused by the interaction between TetR and the 5-1.2 aptamer. When a non-binding
aptamer was used, the system was not inducible. The observed repression cannot be
attributed to non-specific effects related to placing aptamers in the 5' UTR of genes of
interest. This initial positive selection characterization shows that the positive selection
with aTc on uracil dropout media can be used to find library variants that are still
inducible in a Tc-dependent manner.
3.3 Initial Repression Characterization with 5-FOA Negative Selections
The initial TetR-aptamer system of aptamer 5-1.2 and TetR was further characterized
using the chosen selection scheme before addition of the N-terminal and C-terminal
libraries. In order to establish a baseline concentration cutoff for the system TetR with no
inserted libraries was tested with 5-1.2-URA3 and the negative selection scheme. Since
the literature showed that systems with full URA3 repression could survive on 0.1% 5-
FOA 62, initial experiments tested the baseline TetR and 5-1.2-URA3 system on 0%,
0.025%, 0.05%, 0.075%, and 0.1% 5-FOA to determine the highest concentration of 5-
FOA that permitted growth. This initial testing found that TetR and 5-1.2-URA3 were
able to grow on media containing 0.025% 5-FOA, but no growth was observed on the
0.05% 5-FOA media. The following experiment was performed to further specify the
maximum concentration that permitted growth of cells expressing URA3 under control 5-
1.2 and baseline TetR with no libraries.
3.3.1 Experimental Set Up
W303 yeast cells were transformed with two vectors, the TetR vector described in section
2.2.3 with no inserted library, and the reporter vector, containing 5-1.2-URA3 under the
strong constitutive promoter TEF I. Cells from a strain co-transformed with the TetR
baseline vector and 5-1.2 URA3 reporter vector were grown in the presence of galactose
to induce TetR expression. A sample of culture containing approximately 105 cells was
taken during the mid-log phase of growth to make 1:1, 1:10, 1:100, and 1:1000 dilutions.
These dilutions were plated on media containing 0.025%, 0.03%, 0.035%, 0.04%,
0.045%, and 0.05% 5-FOA. The sample that was plated for the 1:1 dilutions contained
approximately 103 cells. Growth was assessed after two days of incubation at 30'C.
3.3.2 Controls
Positive and negative controls were also plated. Both control strains contains the same
TetR vector as the test strain, and the positive control contain a 5-1.2 regulating the venus
yellow fluorescent protein (vYFP) gene while the negative control contains 5-1.2m2
URA3. Since the positive control strain does not contain URA3, these cells should not
metabolize the 5-FOA, and therefore growth should be present on all plates independent
of 5-FOA concentration in the media. The negative control strain contains the mutant
aptamer 5-1.2m2 that does not bind TetR, allowing constitutive expression of URA3.
These cells should always metabolize 5-FOA and should not grow on any of the test
plates. Since aptamer 5-1.2m2 is only two point mutations different from aptamer 5-1.2,
it is the most comparable negative control. Expression levels should be similar to the
induced state of 5-1.2 because both are affected by the same size aptamer in the 5' UTR.
Additional controls included mixing a small amount of the test strain with an aliquot of
JCNY244 cells that contained the 5-1.2-URA3 test plasmid, but did not contain the TetR
plasmid. This was to simulate the effect of transforming a small fraction of cells
containing the 5-1.2-URA3 plasmid with the TetR plasmid. This helps address the
possibility that the larger number of cells containing 5-1.2-URA3 alone can decrease the
effectiveness of 5-FOA during negative selection. The aliquot of JCNY244 cells was also
plated without the test strain as a negative control.
3.3.3 Results
This characterization showed that 0.04% 5-FOA is the cut-off concentration for growth
using the baseline TetR and 5-1.2-URA3. For this test strain, cellular growth was
observed on the 0.035% 5-FOA media but not on the 0.04% 5-FOA media. Since the
original system cannot grow on 0.04% 5-FOA, this concentration allows for easy
identification of library variants conferring increased repression to cells. The selection of
this baseline cut-off concentration was further supported by the control data. The positive
control strain of 5-1.2 vYFP grew on all 5 concentrations of 5-FOA, while the negative
control strain of 5-1.2m2 had no growth on any concentration. The addition of a vast
excess of cells that cannot grow on the test plates did not have an effect on 5-1.2-URA3
growth. The combined 5-1.2-URA3 cells and the aliquot of non-survivable cells also
grew on the 0.035% 5-FOA plate and not on the 0.04% 5-FOA plate. The non-survivable
cell aliquot alone grew on none of the plates.
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Figure 3-2 Yeast growth on varying concentrations of 5-FOA media.
All rows containg the baseline TetR vector with varying reporter genes:
A - 5-1.2-URA3 (test), B - 5-1.2-vYFP (-), C - 5-1.2m2 URA3 (-), D -
5-1 .2-URA3 mixed with JCNY244 (test), E - JCNY244 (-)
The results of this experiment demonstrate that the repression currently achievable with
the 5-1.2-URA3 system permits growth at 0.035% 5-FOA in the context tested. From
these results, the threshold concentration should be 0.04% 5-FOA, which supports very
little baseline growth and allows for the discovery of library variants with increased
repression. These results are further validated by the control experiments which behaved
as predicted.
3.3.4 Additional Testing for Selectability
To further assess the utility of the 5-FOA selection scheme, we mixed TetR-expressing
cells containing either 5-1.2 or the mutant aptamer 5-1 .2m2 controlling the URA3
reporter gene at a ratio of 10,000 to 1. After plating roughly 150,000 colony forming
units onto plates containing 5-FOA, seventeen larger colonies appeared. The 5'-UTR
region of the URA3 gene within ten of these colonies was sequenced, and all contained
the 5-1.2 sequence, indicating that the selection scheme is capable of isolating cells
containing the intact TetR-aptamer binding interaction.
3.4 Reporter Integration and Updated Repression Characterization
The reporter vector consists of the URA3 gene regulated by aptamer 5-1.2 which will
interact with the various TetR/library fusions. This gene is under the control of the strong
constitutive TEFI promoter and the PGK1 terminator. As a reporter vector, this cassette
was placed in a yCp backbone. However, in order to reduce variability in reporter
plasmid number among cells, an integrated reporter strain of W303 was created.
Variation in reporter signal could produce some false positives. For example, if total
URA3 signal is diminished due to a fewer number of plasmids, these colonies would also
grow on a higher concentration of 5-FOA. These colonies would appear to have better
repression, but the library/TetR fusion would not be responsible and the system would
have no improved function. Furthermore, with the reporter 5-1.2-URA3 integrated into
the yeast genome, selections only requires the transformation of the TetR plasmid into the
reporter strain, simplifying the testing process. Control strains were also made to compare
with library variants. Growth of library variants will be compared with growth of the
baseline TetR/aptamer system, a strain that contains TetR and aptamer 5-1.2 but no
URA3, and a strain with 5-1.2-URA3 and no TetR.
3.4.1 Reporter Integration
The reporter cassette of the TEFI promoter, aptamer 5-1.2, URA3, and the PGK1
terminator was cloned as a 1.7 kb block into the integrating vector pRS304. This vector
has a bacterial origin of replication, the pBR322 origin, but has no yeast origin of
replication. It is also marked with ampicillin resistance and the TRP 1 genes, allowing for
selection in bacteria on media containing ampicillin and selection in yeast on tryptophan
dropout media. This vector design allows for construction in bacteria through typical
restriction/ligation cloning. For yeast integration, the constructed vector is linearized by
cutting with a single-cutting restriction enzyme in the TRPI open reading frame. For this
case, the vector was cut with MfeI and underwent the Qiagen PCR purification protocol.
This linearized vector then underwent yeast homologous recombination in W303 cells.
This strain of yeast has an endogenous TRP1 gene in the genome which has been mutated
so that the gene is non-functional. The linearized vector had greater than 40 base pairs of
homology with the endogenous mutated TRP 1, allowing for integration into the host cell
genome. Since the vector itself has no origin of replication for yeast, the only colonies
that grow on tryptophan dropout media have integrated the vector into their genome.
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Figure 3-3 Schematic of reporter integration mechanism
The reporter integration strain was created according to the steps outlined above. Upon
transformation of chemically competent W303 cell with the linearized reporter vector,
colonies that grew on tryptophan dropout media were further characterized. The identity
of the insert product was confirmed by performing PCR on the extracted genomic DNA
of the strain. Two separate PCR reactions were run using Taq polymerase and the
extracted DNA template. The primer pairs contained one primer homologous to the insert
sequence adjacent to TRPI and the other homologous to the genomic sequence adjacent
to TRP 1. A product should only be present when the vector is successfully integrated.
PCR confirmation showed that the 5-1.2-URA3 reporter gene was successfully integrated
at the TRP1 locus.
3.4.2 Integrated Control Strains
In order to have more applicable control comparisons, new integrated control strains were
created in yeast that substituted one component of a function TetR-aptamer system. The
first control, JCNY262 consisted of the integrated 5-1.2-URA3 reporter strain, but did not
contain TetR. This strain had an empty pRS415 vector transformed into the integrated
reporter strain in order to give the cells LEU2, but has nothing that would interact with
aptamer 5-1.2. Since this strain does not contain TetR, URA3 is constitutively expressed.
This strain should not be able to grow on 5-FOA, but should always grow on -ura plates,
in both the presence and absence of aTc. JCNY303 consists of W303 cells that have an
integrated 5-1.2-vYFP and the baseline TetR vector. For this strain, a pRS403 vector was
created containing 5-1.2-vYFP, similar to the 5-1.2-URA3 vector described in section
3.4.1. This vector was integrated into W303 cells using the TRP1 locus and confirmed by
colony PCR. Since this strain does not contain URA3, it should always grow on 5-FOA,
and never grow on -ura media, regardless of the presence of aTc.
One more control strain was made to serve as a comparison baseline to the library
variants. JCN297 consists of the integrated 5-1.2-URA3 reporter and the baseline TetR
vector with no library. Since this strain contains all the elements of the TetR-aptamer
system, it represents the baseline control achievable with this system. This strain should
die on 5-FOA concentrations greater than 0.035%, but live on lower 5-FOA
concentrations. It should also be inducible with aTc, and thus able to live on -ura/+aTc
but not on -ura/-aTc. Both JCNY262 and JCNY297 were made by transforming pRS415
and the baseline TetR vector, respectively, into chemically competent stocks of the 5-1.2-
URA3 integrated strain. JCN303 was created using a new pRS304 integrating vector.
3.4.3 Integrated Baseline 5-FOA Testing
Since the 5-1.2-URA3 reporter gene was integrated to reduce cell-to-cell signal
variability, the previous baseline 5-FOA concentrations may no longer be valid for this
new system. By integrating the reporter gene instead of using a plasmid, expression
levels of the gene of interest may change. A new experiment was performed to reassess
the threshold 5-FOA concentration for the baseline TetR-aptamer system. In this
experiment, chemically competent 5-1.2-URA3 reporter strain cell were transformed with
the baseline TetR vector containing no library. These transformations were plated on 0%,
0.025%, 0.3%, 0.35%, 0.4%, 0.45%, and 0.5% 5-FOA, similar to the experiments
outlined in section 3.3.
Figure 3-4 Baseline TetR vector and integrated 5-1.2-URA3 on 5-FOA concentrations
When the baseline TetR vector was transformed into the 5-1.2-URA3 reporter strain,
growth was observed on the 0%, 0.025%, 0.03%, and 0.035% 5-FOA concentrations.
However, no growth was observed on the 0.04% plate. These results suggest that 0.035%
is still the cutoff concentration for the baseline TetR-aptamer system, even with an
integrated reporter gene. Since these results agree with the preliminary vector results,
0.035% 5-FOA is the cutoff concentration and 0.04% 5-FOA is the best choice to screen
for higher repression.
3.5 The 5-FOA Gradient Plates
Initial selections were performed on a preliminary library not discussed at length in this
paper. During these selections, it became apparent that there were slight discrepancies
among various plates that were all made to the same 5-FOA concentration. The process
for making the single-concentration 5-FOA plates involved making the highest and
lowest concentrations into large batches of media and mixing these at the correct ratio
just before plating. Since these selections depend upon the 5-FOA concentration being
just above what the baseline TetR-aptamer system can grow on, slight deviations can
create many false positive hits on plates that have slightly lowered 5-FOA concentration
and obscure possible hits on slightly greater 5-FOA concentrations.
A solution to this variability problem is to use 5-FOA gradient plates. These plates use
gravity to create a gradient of a chemical of interest63 . Using this method, we can create a
gradient of 5-FOA concentrations covering the threshold concentration prevents baseline
TetR-aptamer system growth. The error caused by slight variations in plate concentration
no longer applies to this system. Here, both the library being tested and the baseline can
be plated on the same gradient plate. Any colonies that grow beyond the concentration
where the baseline stops can be considered hits for further analysis. The downside to this
method is that it is difficult to determine what exact concentration the library hits grew
on. To solve this problem, once library hits are determined via gradient plating, they will
be streaked on discrete 5-FOA concentrations, allowing for the quantification of
increased repression.
3.5.1 Making 5-FOA Gradient Plates
For these experiments, gradient plates were made using Nunc 241 x241 x20 mm square
bioassay dishes. Square dishes were chosen so that the same surface area was available
across all 5-FOA concentration. With circular plates, most of the cells plated would be
located in the middle of the plate at intermediate 5-FOA concentrations, thus making the
distribution of cells uneven. The gradient in these plates varied from 0.03% to 0.06% 5-
FOA in order to have some baseline growth on the lower concentration and completely
cover the threshold and transitional concentrations.
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Figure 3-5 Pouring 5-FOA gradient plates
In order to make these gradient plates, two separate batches of -leu,-trp SC media were
prepared. This formulation allows for the selection of only cells containing the reporter
construct and appropriate TetR vector. Upon autoclaving, galactose was added to make a
final concentration of 2%. The use of this carbon source is necessary to allow induction
of TetR expression. Next, the two concentrations of 5-FOA, from a stock solution
dissolved in DMSO, were added to their respective batches of media. For each plate, 170
mL of each component were poured. The higher 5-FOA concentration (0.06%) is poured
first while the plate resting on an incline. The angle of the incline was chosen such that
the 170 mL of media just covers the elevated end of the plate. After the first
concentration has completely solidified, the plates were moved to a level surface and 170
mL of the lower (0.03%) 5-FOA concentration media was added and left to solidify. The
gradient establishes across the plate via diffusion. This gradient is established 24 hours
after plating and is intact for up to a week.
3.5.2 Testing Baseline TetR on 5-FOA Gradient Plates
Baseline testing was repeated on 5-FOA gradient plates to ensure that the basic TetR-
aptamer system stopped growing at a distinct concentration on the gradient. Chemically
competent cells of the integrated 5-1.2-URA3 reporter strain were transformed with 1p jg
of the baseline TetR vector. These cells were plated on the 5-FOA gradient plate using a
cell spreader and allowed to incubate at 30 *C for 4 days.
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Figure 3-6 Baseline TetR stops growing at a definitive border on the 5-
FOA gradient, represented by the dashed line
After 4 days, growth was seen on one third of the plate corresponding to the lower 5-
FOA concentrations. The cells stop growing abruptly and form a border corresponding to
the threshold concentration described in previous baseline testing experiments. Based on
the position of this border, this threshold appears to represent approximately 0.04% 5-
FOA concentration. This position and concentration agree with previous testing that
found the threshold 5-FOA concentration to be around 0.035% 5-FOA making 0.04% 5-
FOA a suitable testing concentration. These gradient results show that this testing method
is applicable to selecting for increased repression in the library/TetR fusion constructs.
3.6 Library Selection
The harvested N-terminal and C-terminal library/TetR fusions underwent selection for
increased repression using the 5-FOA selection scheme on gradient plates. These libraries
were obtained as outlined in Section 2.6. For the final selection, chemically competent
aliquots of the 5-1.2-URA3 reporter strain were transformed with either the N-terminal
library fusion vector, the C-terminal library fusion vector, or the baseline TetR vector.
Each aliquot was transformed with 500 ng of DNA according to a well-established
protocol for chemically competent yeast transformation using the LiAc/SS carrier
DNA/PEG method 64. After a thirty-minute incubation at 420 C, the transformations were
plated on the pre-warmed 0.03%-0.06% 5-FOA gradient plates. Library transformations
and baseline transformations were plated on separate areas of the same plate to allow for
direct growth comparison. A small amount of each transformation was plated on leucine
and tryptophan dropout media not containing 5-FOA to ensure that all transformations
occurred properly. The gradient plates were left at 30 'C for four days to allow for
sufficient growth. In total, 8 ptg of each library were transformed along with 3.5 tig of
baseline TetR vector for comparison.
After 4 days of growth at 30 'C, plates were imaged and analyzed. All transformations
plated on media containing no 5-FOA produced a great deal of colonies, showing that the
transformation protocol itself was successful. For the library testing two separate batches
of gradient plates were used and seemed to contain slightly different 5-FOA
concentrations. One set of plates had growth of both the library transformations and the
baseline transformations. On these plates, all library colonies that grew on areas of the
gradient plate beyond the border where the baseline transformants stopped growing were
considered hits. On the other set of plates, no baseline transformants grew. Since these
baseline transformants grew on the 0% 5-FOA plate, the transformation was successful
but even the lowest 5-FOA concentration was too high to allow growth of cells
containing the baseline TetR-aptamer system. On these plates, all library colonies were
classified as selection hits.
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Figure 3-7 Sample 5-FOA gradient plate with C-terminal library fusion & baseline TetR
In total, 31 hits were obtained from the 5-FOA gradient selection of 16 gg of combined
N-terminal and C-terminal library/TetR fusions. Of these hits, 6 were N-terminal library
fusions while the other 25 were C-terminal library fusions. These hits are further
classified and characterized in Chapter 4.
Chapter 4: Library Hit Characterization
As detailed in section 3.6, a total of 16 pig of N-terminal and C-terminal library/TetR
fusions were transformed into the 5-1.2-URA3 reporter strain and tested using 0.03%-
0.06% 5-FOA gradient plates. This screen identified 31 colonies that grew at 5-FOA
concentrations beyond the threshold of baseline TetR-aptamer growth. Of these colonies,
6 were N-terminal or 5' library fusions and are classified as 5A-5F. The other 25 colonies
were C-terminal or 3' library fusions and are termed 3A-3Y. This section details the steps
taken to further characterize these library hits and quantify the level of repression
achievable with each of them.
First, the library hits were streaked onto plates containing discrete 5-FOA concentrations
to better quantify their increased repression. Next, they were streaked onto uracil dropout
media both in the presence and absence of aTc to ensure that hits maintained Tc-
inducibility. Furthermore, the library/TetR fusion vectors were sequenced to ensure that
an inserted library is present and to analyze the sequences of the random amino acid
regions for conserved motifs.
4.1 URA3 Positive and Negative Selection Streak Plates
In order to address the relatively non-quantitative 5-FOA survivability of the hits, they
were streaked on media containing discrete concentrations of 5-FOA along with the three
control strains described in Section 3.4.2. Furthermore, inducibility was tested using the
positive URA3 selection, streaking the hits on uracil dropout media in the presence and
absence of aTc. Strains that maintain inducibility should grow on -ura/+aTc but not on -
ura/-aTc.
4.1.1 Discrete 5-FOA Concentration Testing
In order to further specify the degree of repression attainable with the library hits, they
were streaked onto discrete 5-FOA concentration plates. Since the 5-FOA gradient used
in the original selection is only defined at both extremes, the concentrations in the middle
are less well defined. This assay shows that all library hits lived on concentrations
beyond the baseline, but plating on discrete concentration allows for quantification.
Furthermore, a large factor determining which colonies live on the gradient plate is the
location where the original transformed cells were plated. For example, the cells that
appeared as hits happened to land on concentrations just greater than the baseline
threshold, but not on concentrations high enough to prevent growth. Perhaps these
colonies could also grow on slightly higher concentrations than their locations on the
original gradient plates. Streaking these colonies on discrete 5-FOA concentrations
allows for testing and quantification beyond the original gradient screen.
In order to ensure that all plates were streaked with an adequate number of cells, stock
solutions were made from each of the 31 colony hits. Each colony was resuspended in
100 gL of sterile water, and this stock solution was used to streak each colony onto the
various plates. For the discrete 5-FOA testing, the 31 colonies were streaked onto
individual concentrations between 0.03% 5-FOA and 0.06% 5-FOA, the boundaries of
the gradient plates. Controls of 5-1.2-URA3 with no TetR (JCNY262), 5-1.2-vYFP and
TetR (JCNY303), and 5-1.2-URA3 with baseline TetR (JCNY297) were streaked directly
from banked stocks.
Figure 4-1 Library hits and control strains on 0.045% 5-FOA streak plate.
A is JCNY262 (-), B is JCNY303 (+), C is JCNY297 (baseline)
After 3 days of incubation at 30'C, streak plates were imaged and growth was assessed.
In total, 25 of the original 31 colony hits grew on the 0.045% 5-FOA streak plate. Of
these hits, 5 were N-terminal library fusions while the other 20 were C-terminal library
fusions. Colonies from this plate were used to obtain plasmid DNA for sequencing, as
will be described in Section 4.2. The 0.045% 5-FOA concentration plate was chosen for
analysis because it was sufficiently above the baseline cut-off. The JCN297 baseline
control behaved as expected, with growth stopping on the 0.035% 5-FOA concentration
plate. The other controls also behaved as expected with no JCNY262 growth on any
concentration and with JCNY303 growth on all concentrations.
4.1.2 Inducibility Testing with Uracil Dropout Plates and aTc
The library hits also underwent positive selection with 5-1.2-URA3 to ensure that
inducibility had not been lost. The positive selection consists of plating cells on uracil
dropout media in the presence and absence of aTc. If cells grow on the -ura/+aTc plate,
they likely still have Tc-inducible TetR functionality. However, similar results could
occur if cells have acquired a mutation in the URA3 gene that allows cells to grow on -
ura independent of TetR. By also plating cells on -ura/-aTc, it can be demonstrated that
cells are Tc-dependent and only grow on uracil drop out media when a tetracycline is
present. Library hits should be able to grow on -ura/+aTc but not on -ura/-aTc.
For the inducibility testing, library hit colonies were streaked onto both -ura/+aTc plates
and -ura/-aTc plates. These streaks were taken from the 100 gL stock solutions described
in Section 4.1.1. Controls of 5-1.2-URA3 with no TetR (JCNY262), 5-1.2-vYFP and
TetR (JCNY303), and 5-1.2-URA3 with baseline TetR (JCNY297) were streaked from
banked stocks. Since JCNY262 has URA3 but not all components of the regulation
system, this strain is expected to grow on -ura regardless of aTc. JCNY303 does not
contain URA3 and thus cannot synthesize uracil. This strain should not grow on -ura
regardless of aTc concentration. Lastly, the baseline JCNY297 should behave in a Tc-
dependent manner because it has all components of the TetR-aptamer system.
_'U RA -U RA
Figure 4-2 Library hits on uracil dropout media +/- aTc
The plates were left at 30 'C for 3 days and then photographed and assessed for growth.
All library hits showed Tc-dependent growth, with colonies growing on the -ura/+aTc
plate and none growing on the -ura/-aTc plate. Furthermore, all controls behaved as
expected. JCNY262 grew on both the -ura/-aTc and -ura/+aTc, while JCNY303 grew on
neither. The baseline control JCNY297 showed aTc-dependent growth for the most part,
but also had a few small colonies on the -ura/-aTc plate. Since no colony growth was
seen for the library hits, this seems to suggest even further repression than the baseline
TetR-aptamer system. However, since the JCN297 was streaked from banked stock and
the library hits were streaked from the water stocks, this growth difference could also be
due to differences in the number of cells plated.
4.2 Sequencing the Library Hits
The library-TetR fusion vectors were sequenced for each of the 25 hits which passed both
streak tests, growing on 0.045% 5-FOA and in an aTc-dependent manner on uracil
dropout media. Sequencing shows that the hits do contain a library insert and that their
increased functionality is not due to random mutation under selective pressure. Plasmids
were minipreped from yeast colonies on the 0.045% 5-FOA plates. However, yeast
minipreps do not contain enough DNA to sequence. Therefore, the minipreps were
transformed into bacteria, and plasmids were obtained from the bacterial colonies.
4.2.1 Preparation of Library/TetR Fusion Plasmids for Sequencing
Since 25 library hit colonies grew on both the 5-FOA discrete concentration streak plate
and also in an aTc-dependent manner on uracil dropout media, plasmids from those 25
colonies were obtained and sent for sequencing using Genewiz DNA Sequencing. These
colonies were picked from the 0.045% 5-FOA concentration plate and used to inoculate 3
mL of liquid yeast synthetic complete media containing no leucine or tryptophan to select
for both 5-1.2-URA3 and TetR. After 24 hours of incubation at 30'C, 20% glycerol
banked stocks were made with 900 ptL of this culture and 600 gL of 50% glycerol. The
rest of the culture underwent yeast plasmid miniprep using zymolase, DTT, and complete
ZBR. The amount of plasmid obtained from this protocol is very little, necessitating the
transformation into E. coli.
The electrocompetent E. coli transformations were performed according to a protocol
similar to that described in Section 2.6.4. The entire elution from the yeast plasmid
miniprep was dialyzed for 15 minutes against double-distilled water using a 0.025gm
nitrocellulose filter from Millipore and then transformed into chemically competent
Machl cells. Electroporation gave time constants greater than 5 ms, and the aliquot was
immediately resuspended in 500 ptL of LB and left shaking at 37 'C for 2 hours to
recover. Afterwards, cells were pelleted, resuspended in 200 pl, and plated on LB-
ampicillin plates. The next day, growth was assessed and 3 ml LB-ampicillin liquid
cultures were inoculated from the plates. After 24 hours of shaking at 37'C, 900 gL
portions of culture were used to make 20% glycerol stocks and the rest was minipreped
using the Qiagen Plasmid Miniprep protocol. Minipreped plasmid was eluted in sterile
water and sent for sequencing. The 5 N-terminal library hits were sequenced with the
M13F(-21) primer which binds upstream of the PGK1 promoter while the 20 C-terminal
library hits were sequenced with the M13R primer which binds downstream of the PGK1
terminator.
4.2.2 Library Sequencing Results
A total of 25 colonies were sent for sequencing: 5 N-terminal library fusions and 20 C-
terminal library fusions. Twenty of these plasmids contained both TetR with no apparent
mutations and correct, unique library inserts, containing 20 random amino acids and the
proper linker regions. For the 5 N-terminal libraries, 3 of these contained correct and
unique sequences (5B, 5E, and 5F) while the other two contained the wild-type baseline
TetR (5A and 5D). The presence of baseline TetR in the N-terminal library hits partially
reflects the reduced efficiency of constructing the N-terminal library fusion vector and
also some inherent loss of stringency in the 5-FOA selection. As was mentioned in
Section 2.6.4, the N-terminal library had a lower transformation efficiency of efficiency
of 6.8x 104 cfu/gg and lower sequence fidelity, with 11 of 19 colonies containing a
correct library insert.
For the 20 C-terminal library hits, 17 were found to contain correct and unique library
sequences (3A, 3D, 3F, 3G, 31, 3J, 3K, 3M, 3P, 3Q, 3R, 3T, 3U, 3V, 3W, 3X, 3Y). The
other three were not wild-type baseline TetR, but each had an interesting addition. The
presence of no wild-type baseline TetR possibly reflects the greater efficiency and
fidelity present in the construction of the C-terminal library. Colony 3E contained a
correct library sequence, but this sequence was a copy of colony 3D and therefore not
unique. The presence of this sequence in two separate colonies could be a reflection of
limited library diversity or could possibly further support the enhanced functionality
conferred to TetR by this library fusion. Colony 30 and 3N were also identical, but
neither contained a correct C-terminal library sequence. Both had the C-terminal library
insertion sequence deleted from the vector. This deletion removed the original stop codon
of TetR, allowing for translation of additional amino acids. This mutation changed the
linker from Ser-Ser-Gly-Val-Asp in the original baseline TetR to Ser-Ser-Gly-Ala-Leu-
Arg. This complete amino acid sequence is now fused to TetR in colonies 30 and 3N.
Although this mutation has changed the protein sequence, possibly conferring increased
functionality, this sequence will not be included in the following analysis because it is not
a complete library insert.
Colony DNA Sequence Protein Sequence Translated Protein Sequence
3A gttgtccacaagaatqqqqqqtacaacagtttttgccttttatctcgtggattaaggcqttga VVHKNGGYNSFCLLSRGLRR- VVHKNGGYNSFCLLSRGLRR-
3D gccaagacggaatagctatttatcagaagttatgagagataattcttagttatgcatgattga AKTE-LFIRSYER-FLVMHD- ARTE-
3F ttggctctgtaaggaatgttatcttgtttttgggetgtgttattatttacaaggttaccatga
3G gcattttttgaatatcacgttcgtcttgcttttaaatgtttatttggtttggttggagtgtga AFFEYHVRLAFKCLFGLVGV- AFFEYHVRLAFKCLFGLVGV-
31 cttctctqaccctcggtaagcgattctgtagagaaaaatatqagtgqtgcgcattccqtttga LL-PSVSDSVEKNMSGAHSV- LL-
3J ggtgtgagctaaattaaggtaggcactaatttaggtatgtcgcctacattcctaaggctata GVS-IKVGTNLGMSPTFLRL- GS-
3K tacgtacatgcgccttcttgaacttcttgttagaagcggctaccatcatcgatgaacgcatga YVHAPS-TSC-KRLPSSMNA- YVHAPS-
3M attgagtcattttggtggtattttggttcaccgtaacacctttacttggagcgcttattatga IESFWWYFGSP-HLYLERLL- IESFWWYFGSP-
3P atttcgtqggaaccacatcagcatcagtcttgcatqtatgcttcqttattatatcctcgqtga ISWEPHQHOSCMYASLLYPR- ISWEPHOHQSCMYASLLYPR-
3Q cctttagctttaaacqagtatqtgagtqcaccctgtatcttgacqgaattgtcaggggagtga PLALNEYVSAPCILTELSGE- PLALNEYVSAPCILTELSGE-
3R tgacgagcatttgattgagcagttgctgacqtatgtaatgcataaacgtatagtgcacattga -RAFD-AVADVCNA-TYSAH- -
3T attatctgataggttagttcctggttcaaaatatggaaaagcaggttctaaatcgatatttga Il--VSSWFKIWKSRF-IDI- 11-
3U gtggqctatgaacagaactaattgctagttgtaacttatttgacattatgaaggctqctta VGYEON-LLVvYLTLRAA- VGYEQN-
3V cacaaactggtctaaccactctttctaacgcgaqqttttctcatgacttacgcgctcttga HKLV-PLFLSARFCS-LTRS- HKLV-
3W atggatataatttttggggttaagcttttgtttctatccctcttaccagatatctattgtga MDIIFGVKLLFLSLLPDIYW- MDIIFGVKLLFLSLLPDIYW-
3X gccggagcctttcgtatcactaacctcttctctcttaattgaaggtaaaatatccggaattga AGAFRITNLFSLN-R-NIRN- AGAFRITNLFSLN-
3Y cacttttctgttgagttttaagtttgtcgcgagtgtgtttgagtgcatgtagttggaata HFSVEF-VCRECV-VHVVGN HFSVEF-
5B atqttcaggttcaccgatagttcgatagcatacettagacctaaccaggagqatttcaccag MFRFTDSSIAYLRPNQEDFT MFRFTDSSIAYLRPNQEDFT
5E atgttccgtaacccgggctgtcctttaacggtttacctgaacccaagtgatcagttaagttg MFRNPGCPLTVYLNPSDQLS FRNPGCPL1VYLNPSDQLS
5F atggtttcgatctcatcaagcgcatagagtaatgagaacgccagccaattcggtgtctcgca MVSISSSA-SNENASQFGVS MVSISSSA
Table 4-1 Library hit DNA and protein sequences
As evidenced in Table 4-1, all 20 of the correct library hits have unique nucleotide and
protein sequences. Since translation stops after the first stop codon, the table also
contains the actual translated region of each library. The N-terminal libraries all start with
a methionine start codon, and 5B and 5E contain no stop codons, ensuring that all of the
library/TetR fusion is translated. However, 5F does contain a stop codon. Translation of
the library likely stops here, and TetR translation is started at the original methionine start
codon. The mechanism of this colony translation should be further investigated. The C-
terminal libraries vary in translated protein size from a complete 20 amino acids followed
by a stop codon, to having a stop codon as the only translated codon of the library. This
suggests that perhaps the actual mRNA sequence gives the protein additional
functionality instead of the translated library peptide. However, the possibility still exists
that the range of proteins that have TetR terminated in the library sequence do behave
differently from the baseline. Also, the large range of peptide sequences also suggests
that multiple mechanisms of action may be contributing to the increased functionality.
4.3 Library Sequence Motif Analysis
In order to further elucidate the library hit functionality, both the nucleotide and
translated protein sequences were analyzed using MEME (Multiple EM for Motif
Elicitation)33 to determine similarities among the hit strains. MEME is one of the most
widely used tools for finding similar motifs in DNA or protein sequences. This software
looks for short similar sequences in a set of longer input sequences using gapless and
local multiple sequence alignment. This search takes into account the identity, position,
and chemical similarity of the protein or nucleotide residues. Motifs of a width between 6
and 50 are considered and sequences must have a minimum length of 8 residues. Results
are characterized according to the E-value, which is the total probability of finding an
equally well-conserved pattern in random sequences and is equal to the combined P-value
of the sequence multiplied by the number of sequences in the database. This value gives
the statistical significance of the motif. The P-value for each sequence is the probability
of a randomly generated sequence of the same length having the combined best matches
of a sequence to a group of motifs.
Output is given as a sequence logo, specifying the probability of each possible residue
appearing at each possible position in the motif The total height of the stack is the
information content of that position and the height of the individual letters is the
probability of finding the letter at that position multiplied by the total information
content. The colors correspond to the identity or property each residue. For the nucleic
acid logo, each nucleotide base is represented by a color: Red - A, Blue - C, Orange - G,
Green - T. For the protein logo the colors represent groups of amino acids with similar
properties: Blue - hydrophobic (A, C, F, I, L, V, W, M), Green - polar, non-charged (N,
Q, S, T), Magenta - acidic (D, E), Red - positively charged (K, R), Pink - H, Orange -G,
Yellow -P, Turquoise - Y65.
4.3.1 N-Terminal Library Sequence Analysis
For the N-terminal library, all three library hits were analyzed using MEME for both the
nucleotide sequence and the protein sequence. The nucleotide analysis returned two
motifs both displayed in Figure 4-3. The N-terminal DNA Motif 1 is 14 residues in length
and present in all three sequences. The N-terminal DNA Motif 2 is 10 residues in length
and only present in hits 5E and 5B. Motif 1 is especially promising because it is present
in all three sequences. The P-values for each sequence were lower than 10-6, but the E-
values were somewhat high at 5.1 x 102.for Motif 1 and 1.2x 103 for Motif 2. However,
these E-values could possible reflect the small number of sequences being analyzed
rather than a low significance.
i TLA~~A.Name Strand Start5E + 2858 - 2
.5F 8
E-value
p-value Sites
1.05e-08 TGTCCTTTAA CGGTTTACCTGAAC CCAAGTGATC
3.30e-os ATCGAACTAT CGGTGAACCT(AAC AT
6.44e-07 TTACXXX TG CGCTTGATGAGATC GAAACCAT
5.1e+002
Name Strand Start p-value Sites
5E + 6 1.50e-06 ATGTTC CGTAACCC.G GCTGTCCTTT
5B + 39 3.18e-06 ATACCTTAGA CCTAACCAG AGGATTTCAC
E-value 1.2e+003
Figure 4-3 DNA motifs of the N-terminal library sequences as determined by MEME
The protein sequences for the N-terminal library hits were also analyzed using MEME.
The nucleotide analysis returned three motifs displayed in Figure 4-4. The N-terminal
protein Motif 1 and Motif 2 are both 6 residues in length and present in sequences for 5B
and 5E, while the N-terminal protein Motif 3 is also 6 residues in length but present in
hits 5B and 5F. The P-values for each sequence were lower than 10-5, and E-values were
2.1x 10', 3.3x 101, and 3.7x102 respectively. Overall, the three protein sequences seem to
be similar in homology but have no matching sequences.
Name Start p-value Sites
5B 8 3.73e-08 MFRFTDSS IAYLRP NQEDFT
5E 9 2.65e-07 MFRNPGCPL TVYLNP SDQLS
E-value 2.le+001
NameStart p-value Sites
5E 0 2.96e-08 MFRNPG CPLTVYLNPS
D B 0 3.56e-07 MFRFTD SSIAYLRPNQ
iv E -value 3.3e+001
Name Start
5B 14
5F 10
E-value
p-value Sites
1.30e-07 TDSSIAYLRP NQEDFT
5.21e-05 MVSISSSAXX NENAXQ FXVS
3.7e+002
Figure 4-4 Protein motifs of the N-terminal library sequences as determined by MEME
4.3.2 C-Terminal Library Sequence Analysis
For the C-terminal library, hits were analyzed using MEME for both the nucleotide
sequence and the protein sequence. The nucleotide analysis used all 17 library hits over
the total of 63 nucleic acids. For the protein analysis, only the translated regions were
used to find motifs, so sequences were truncated at the first stop codon. However, MEME
only allows sequences with a minimum of 8 residues, excluding hits 3D, 3F, 31, 3J, 3K,
3R, 3T, 3U, 3V, 3Y. A total of 7 C-terminal hit protein sequences were analyzed.
The nucleotide analysis returned three motifs, with Motif 1 displayed in Figures 4-5 and
Motif 2 and Motif 3 in Figure 4-6. The C-terminal DNA Motif 1 is 21 residues in length
and present in 16 of the 17 sequences. The C-terminal DNA Motif 2 and Motif 3 both
consist of 6 identical nucleotides and are present in two hit sequences, 3U and 3F for
Motif 2 and 3A and 3K for Motif 3. The P-values for all sequences were lower than 10 4,
and the E-values were respectively high at 2.9x103, 1.0x104, 2.2x104. Motif 1 looks
particularly promising because it is present in almost all of the library hits.
Strand Start p-vake Sites
+ 312
- 30
- 3
+ 11
+ 24
+ 34
- 5S
+ 25
- 38
- 4
+ 16
- 14
+ 9
- 35
+ 17
- 23
1.29*-08
1.36.-07
2.68e-07
2.30*-06
9.20'-06
1.02-05
1.68-05
2.43*-05
3.74e-05
3.74-05
5. 16-05
6.49e-05
6.90-05
1.06*-04
1.37*-04
2.56-04
TTGG11CIAC
AAACG).A7G
GMXACAAAAr,
ACAAAC CGT
TArcACTAAC
CArTCTiGCA
AccTAAA.mA
GAGTATGTGA
C TacCATTCAAAACTM
CA7CC-CCT'.
cACTImrC A
mCAArA
7T-AXA,-CA
Gal-PTAGAA
E-value 2.9e+003
C .TAA ?ccTTAMT -A C =ATTA7G
C CAxCcCTCATAT??TCTC ZacAzAATCG
cmTAccCcMAA AATATC CA7
CTAACCACCm. AA C C A 7ToC
CWTc TCiTcmATMPAA TAAATATCC
T:TAT CTTC ?T7MTATATC CTCG A
7 ccTAccTrAA1AcTC ACAcc
racACCT TA'CrT AC AA-MTCAGc:
-TACCT TEAAAYAATAAC ACACrCAAA
T TACCccccATMcnT T A CAAC
CTM AAC1t"T T.A-AA C 3cGTAcArC
TTACAACTA CAAmArTC 7ancAZAGC
rT AA TTA r IMC AC 7 GTT
T cATAACTAA AA7TXTCTC ATA c'1c
C TTC'7 G47TTTAAAT - =ATTGOT
C':C TccATAiT2 AAC CA0GAAcTA
Figure 4-5 DNA Motif 1 for the C-terminal library sequences
Name Strand Start
3U + 52
3F + 31
E-value
Name Strand Start
3K - 10
3A + 53
E-value
p-value Sites
9.39e-05 ACATTATGAA GGGCTG CTTGA
9.39e-05 TCTTGTTTTT G-GCT TGTTATTATT
1.0e+004
p-value Sites
1.42e-04 GAAGTTCAAG AAGGCG CATGTACGTA
1.42e-04 CTCGTGGATT AAG C- TTGA
2.2e+004
Figure 4-6 DNA motifs of the C-terminal library sequences as determined by MEME
The peptide analysis returned three motifs displayed in figures 4-7. All three are 6
residues in length and each present in two sequences, 3P and 3A, 3G and 3Q, and 3W and
3G respectively. The P-values for all sequences were lower than 10 -4, and the E-values
were 1.2x10', 1.5x 102, 3.6x 102. In general, little can be concluded from these peptide
motifs because of the few sequences represented and the relatively low significance of
each.
21- T 
- A -V
Name
3M
31
3W
3V
3X
3P
33
3Q
3F
3A
3K
3U
3V
30
3G
3T
0!;
3- Name Start p-value sites
3P 7 2.09e-08 ISWEPHQ HQSCMY ASLLYPR3A 2 4.52e-08 VV HKNGGY NSFCLLSRGL
E-value 1.2e+001
Name Start p-value sites
3G 0 8.33e-08 AFFEYH VRLAFKCLFG
3Q 2 2.20e-07 PL ALNEYV SAPCILTELS
E-value 1.5e+002
Name Start p-value Sites
3W 0 8.10e-08 MDIIFG VKLLFLSLLP
3G 10 3.14e-07 AFFEYHVRLA FKCLFG LVGV
E-value 3.6e+002
Figure 4-7 Protein motifs of the C-terminal library sequences as determined by MEME
4.3.3 Sequence Analysis Conclusions
Sequence analysis of the twenty N-terminal and C-terminal library hit sequences using
MEME returned both DNA and protein motifs of varying size, coverage, and
significance. In general the DNA motifs were stronger, with an N-terminal motif (N-
Terminal DNA Motif 1) present in all 3 N-terminal sequences and a C-terminal motif (C-
Terminal DNA Motif 1) present in 16 of the 17 C-terminal sequences. These both had
relatively low P-values and E-values, increasing their statistical significance. For the
peptide analysis, all 6 of the returned motifs consisted of 6 amino acids and were only
present in two sequences each. This lack of similarity among sequences, especially
compared to the DNA analysis, seems to suggest that these libraries augment function at
the mRNA level rather than as a translated library peptide fusion. These sequences likely
stabilize the TetR mRNA transcript, making this transcript more likely to be translated.
The increase in cellular TetR concentration ensures that more TetR is available in cells to
interact with aptamer 5-1.2 and therefore improve repression. However, since an
unbiased search for improved TetR translation repression function was performed, many
mechanisms of action could account for the increases in functionality. More
characterization should be performed to further understand these mechanisms of action.
Chapter 5: Conclusions and Future Directions
5.1 Current State
For this project, N-terminal and C-terminal peptide library fusions were designed,
constructed, and screened in order to improve the repression achievable with the novel
translational regulatory system based on TetR and its RNA aptamer binding partner 5-
1.2. These libraries consisted of genetic fusions to TetR that can encode up to 20 random
amino acids. These libraries were constructed using restriction/ligation cloning in E. coli
according to an optimized protocol. Initial experiments determined optimized conditions
for PCR, digest, purification, ligation, and electrocompetent bacterial transformation to
achieve a maximum efficiency, fidelity, and purity. The N-terminal and C-terminal
libraries produced have a combined diversity of 2.5x 105 variants. The C-terminal library
had greater diversity, efficiency, and proportion of correct library, possibly reflecting a
better choice of restriction enzyme sites as compared to the N-terminal library.
The N-terminal and C-terminal libraries were harvested and subject to a plate-based
selection for increased URA3 repression in S. cerevisiae. Libraries were transformed into
strains containing 5-1.2URA3 and grown on plates containing a gradient of 5-FOA
concentration between 0.03% and 0.06%. Growth was compared to the baseline TetR-
aptamer system and all library colonies growing on concentrations beyond the baseline
growth threshold were considered hits. In total 31 colony hits were obtained, 6 N-
terminal library hits and 25 C-terminal library hits. Again, the C-terminal library showed
better results, possibly reflecting the increased diversity of the C-terminal library or the
interference of stop codons in the N-terminal library preventing translation of TetR.
These 31 colony hits were subject to further testing to better characterize repression, to
ensure that inducibility was maintained, and to elucidate the library sequences. After
streaking on media containing discrete 5-FOA concentrations and uracil dropout media
+/- aTc, 25 colonies were shown to have increased repression functionality and intact
inducibility. These colonies were sequenced and 20 contained correct, unique library
sequences, 3 N-terminal libraries and 17 C-terminal libraries. All of these were subject to
protein and nucleotide MEME analysis to find motifs. This characterization found
significant similarity between nucleotide sequences, with an N-terminal nucleotide motif
represented in all 3 N-terminal libraries and a C-terminal nucleotide motif represented in
16 of the 17 C-terminal libraries. The protein sequences varied widely in both the length
and context of the translated regions. These results seem to suggest that multiple
mechanisms of action for improving repression are represented in the library hits. These
mechanisms may include increasing the stability of the TetR transcript, allowing for
increased intracellular TetR concentration, and direct recruitment of other cellular
components to improve binding, hindrance, or other aspects of repression.
5.2 Future Work
Although the current characterization shows qualitatively that the N-terminal and C-
terminal library hits increase repression achievable with the TetR-aptamer system without
loosing aTc inducibility, quantitative testing should be performed on the 20 unique
library hits. These library/TetR fusion vectors should be co transformed into yeast with 5-
1.2-FLuc and be tested with the firefly luciferase luminescence assay. This assay will
determine the exact percent repression achievable with these hits and allow for direct
numerical comparison with the baseline TetR-aptamer construct.
Integrated yeast strains should be made of all the unique library hits. Integration will
reduce some of the cell to cell variability in TetR expression caused by variations in
plasmid copy number among cells. Furthermore, these successful library/TetR fusions
should by tested outside of their original context. These fusions should be placed under
different promoters to see changes in TetR expression. They should also be used with
different reporter genes and other aptamers known to bind TetR in a Tc-dependent
fashion like 5-1.31 or 5-1.4d. Finally, more experiments should be performed to
determine the mechanisms by which the library hits achieve increased gene repression.
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